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apparatus, product or process disclosed in this report, or 
represents that its use by such third party would not in-
fringe privately owned rights. 
ii 
Subsurface Migration of Radioactive Waste Materials 
by Particulate Transport 
First Quarterly Progress Report, Period August 1 - December 31, 1978 
Introduction  
The safe disposal of high-level radioactive wastes arising from the 
operation of nuclear power plants is one of the major aspects of the 
nuclear fuel cycle that requires extensive evaluation because of the 
very long time scale involved. Although the general technical feasibility 
of several disposal concepts has been demonstrated, there is still a need 
for quantitative information on several geological, geochemical and hydro-
logical parameters, that would have a bearing on the long-term stability 
of solidified waste, and on the form and rate of migration through sub-
surface aquifers of any dissolved or remobilized fraction of the radio-
active material. Present concepts evision the deep disposal of solidified 
wastes, in calcined form, incoporated in a stable glassy or ceramic 
matrix. Various scenarios have been postulated for the subsequent fate 
of this material. The one of principal concern postulates the incursion 
of ground water into the disposal area, though seepage or by thermal or 
mechanical fracture effects in the surrounding rock. It is assumed that 
this water will slowly leach out some of the waste material and then 
transport it horizontally or vertically through water-bearing strata or 
fissures under hydrostatic forces. Depending on flow rates and on inter-
mediate sorption processes, some of the waste products may conceivably 
reappear in surface waters. Two types of transport mechanisms can be 
envisaged: one involves the movement of dissolved radioactive ions, 
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remaining in solution but subject to adsorption/desorption effects on 
exposed rock surfaces, that may lead to a greatly reduced migration rate 
and may retain selectively those ions and complexes that are adsorbed 
most strongly. The other, which is the subject of the present project, 
assumes that a finite fraction of the dissolved activity may adhere to 
very fine particulates and be carried by them, subject primarily to 
surface forces between moving and stationary mineral surfaces and to 
competitive sorption effects between the water-particle and water-rock 
surface interfaces. 
Previous work at Georgia Tech has demonstrated the existence of 
such fine particulates in groundwater and the capability of such par-
ticles to serve as long-range carriers for dissolved and subsequently 
adsorbed radioactive materials. For the postulated deep disposal sites 
it is important to narrow down the number of credible scenarios and to 
concentrate on those that appear to have some real significance. For 
this reason it is urgent to determine what kind of particulates one 
expects in deep aquifers, what constitution of water one is confronted 
with and what interface effects have any real significance. 
Recent meetings have shown considerable divergence of opinion on 
these points, which in fact may not have any generalized answers. For 
this reason, in the present project a more generic approach is being 
adopted, with a methodology that can be readily adapted to site-specific 
conditions once such sites have been identified. In keeping with the 
priority for confirmatory research in the U.S. NRC program there would 
seem to be a real need for quantitative data on all processes that would 
have a bearing on trace migration from high-level disposal sites. 
2 
To avoid undue duplication with related research being done under 
other auspices the present project is emphasizing migration in saline 
waters, from salt bed repositories, in the possible presence of control-
led concentrations of oxygen and CO2. To ensure reproducibility, com-
parison measurements have to be done on anoxic water and freshly broken 
rock surfaces before changing either water or surface conditions. 
Objectives of the Work  
The principal objective of the work is to observe migration rates 
and Mobilization processes of selected radioactive and activable ions 
under conditions that simulate expected conditions in the vicinity of 
waste repositories. There are two major phases involved: 
a. Observations on adsorption and desorption rates of dissolved 
waste components on particulates representative of those assumed to be 
mobile in deep aquifers; and 
b. Measurements of the motion of such labeled particulates through 
model aquifers composed of bed materials representative of anticipated 
site locations. 
Present Status  
This project was formally initiated on August 1, 1978. The past 
quarter has been devoted primarily to setting up needed facilities, 
distinct from concurrent related work, and to preliminary work to check 
out counting equipment and other facilities. 
Work done during the Quarter 
Preliminary activities required to get the project underway have, 
for the most part, been accomplished. The equipment and initial supplies 
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were assembled in a small shared laboratory. Subsequently, this material 
was moved into a larger laboratory that has been allocated to this work. 
Ample bench space is provided, along with two fume hoods. 
Rocks and other materials that will be used in the work have been 
obtained, and at least partially processed. Large size materials have 
been ground and screened to provide particle sizes appropriate to the 
columns for those that will form the stationary portion of the setup. 
Particulates that are to move with the water through the packed columns 
are prepared by grinding in a ball mill 48-72 hours. 
Several columns have been fabricated from 1/2 inch I. D. rigid 
plastic tubing, and the problems of inducing significant flow through 
packings of small particles (35-80 mesh) have been encountered. Air 
entrapment effectively blocks flow, and considerable effort was required 
to remove the air which is usually trapped during the initial filling. 
No further flow problems have arisen, as long as the tube remains full 
of water. Resistance of a packed column to flow is not only a function 
of particle size, but also of particle size distribution, and from the 
outset, careful attention has been given to the screening process. Uni-
formity of particle size provides better conditions for flow and more 
easily reproducible experimental conditions. The porosity of packed 
columns has been measured using a radioisotope technique. 
In planning and setting up the actual experimental procedures, it 
was recognized that the surfaces of freshly ground rock particles may 
be quite different from surfaces that have been exposed to groundwater 
for long periods of time. Surface conditions must be considered im-
portant, and perhaps crucial, to the validity of experiments designed 
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to simulate field conditions. A computer search of the geological and 
chemical literature on this subject was made, and it was found that 
apparently little published information is available concerning mineral 
surfaces, such as basalt and their interaction with or modification by 
constituents of the groundwater. References concerning shales are 
slightly more abundant, but shales are not of direct interest at the 
present time. 
To characterize the fine particulates employed as the mobile com-
ponent, electron micrographs have been obtained. Figures 1 and 2 il-
lustrate two samples for kaolin and vermiculite respectively. It is 
anticipated that detailed surface estimations will have to depend on 
that type of picture to a great extent for submicron particulates. 
The possibility of obtaining rock samples with surfaces that have 
been in contact with groundwater for long periods seems quite remote, 
and it is not clear how such specimens, even if available, could be 
utilized in practical laboratory experiments. It appears instead, that 
ground material must be utilized in order to provide sufficient parti-
culate surface area per volume to perform any meaningful experiments. 
Some water samples have been "conditioned" by long exposure to rock 
material and will later be utilized as the carrier of the moving 
particulates. The mixtures of minerals and water have been stirred 
continuously for many days, and it is believed that gradual equilibrium 
between the two phases will be obtained. Experiments using both equili-
brated systems will be carried out to determine if any differences can 
be detected. 
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Activities planned for the next Quarter  
Most of the work will continue along the lines started during the 
first quarter. In particular this will involve: 
a. In consultation with the Project Officer, priorities on waste 
nuclides and specific environmental conditions will be set. 
b. Attempts will be made to identify changes in surface properties 
of "conditioned" particles in terms of ion exchange capacity or film 
formation. 
c. A flow column will be set up capable of operating in closed loop 
operation with an inert atmosphere. 
d. Measurements will be started on adsorption phenomena from slightly 
saline waters. 
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Mobility of Radioactive Waste Materials 
in Subsurface Migration by Particulate Transport 
Second Quarterly Progress Report, Period January 1-March 31, 1979 
INTRODUCTION 
The safe disposal of high-level radioactive wastes arising from the 
operation of nuclear power plants is considered one of the more urgent 
aspects of the nuclear fuel cycle that require extensive evaluation be-
cause of the very long time scale involved. Although the general technical 
feasibility of several disposal concepts has been demonstrated, there is 
still a need for quantitative information on several geological, geo-
chemical and hydrological parameters, that would have a bearing on the 
long-term stability of solidified waste, and on the form and rate of 
migration through subsurface aquifers of any dissolved or remobilized 
fraction of the radioactive material. Present concepts evision the deep 
disposal, in bedrock or bedded salt, of solidified wastes in calcined 
form incorporated in a stable glassy or ceramic matrix. Various scenarios 
have been postulated for the subsequent fate of this material. The one 
of principal concern assumes the incursion of ground water into the dis-
posal area, through seepage or by thermal or mechanical fracture effects 
in the surrounding rock. It is conjectured that this water may slowly 
leach out some of the waste material and then transport it horizontally 
or vertically through water-bearing strata or fissures under hydrostatic 
forces. Depending on flow rates and on intermediate sorption processes, 
some of the waste products may conceivably reappear in surface waters. 
Two types of transport mechanisms can be envisaged: one involves the 
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the movement of dissolved radioactive ions, remaining in solution but 
subject to adsorption/desorption effects on exposed rock surfaces, that 
may lead to a greatly reduced migration rate and may retain selectively 
those ions and complexes that are adsorbed most strongly. The other, 
which is the subject of the present project, assumes that a finite 
fraction of the dissolved activity may adhere to very fine particulates 
and be carried by them, subject primarily to surface forces between moving 
and stationary mineral surfaces and to competitive sorption effects between 
the water-particle and water-rock surface interfaces. 
Previous work at Georgia Tech has demonstrated the existence of 
such fine particulates in groundwater and the capability of such par-
ticles to serve as long-range carriers for dissolved and subsequently 
adsorbed radioactive materials. For the postulated deep disposal sites 
it is important to narrow down the number of credible scenarios and to 
concentrate on those that appear to have some real significance. For 
this reason it is urgent to determine what kind of particulates one may 
expect in deep aquifers, what constitution of water one is confronted 
with and what interface effects have any real significance. 
There has been considerable divergence of opinion on these points, 
which in fact may not have any generalized answers. For this reason, 
in the present project a fairly generic approach is being adopted, with 
a methodology that can be readily adapted to site-specific conditions 
once such sites have been identified. In keeping with the priority for 
confirmatory research in the U.S. NRC program there would seem to be a 
real need for quantitative data on all processes that would have a 
bearing on trace migration from high-level disposal sites. 
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To avoid undue duplication with related research being done under 
other auspices the present project is emphasizing migration in saline 
waters, from salt bed repositories, in the possible presence of control-
led concentrations of oxygen and CO2. To ensure reproducibility, com-
parison measurements have to be done on anoxic water and freshly broken 
rock surfaces before changing either water or surface conditions. At the 
same time to retain a clear overview, some of the results obtained in 
parallel investigations will be quoted in this report. In keeping with 
the NRC principal mission, emphasis is placed on obtaining quantitative 
data potentially relevant to candidate sites. 
OBJECTIVES OF THE WORK  
The principal objective of the work is to observe migration rates 
and mobilization processes of selected radioactive and activable ions 
under conditions that simulate expected conditions in the vicinity of 
waste repositories. There are two mPjor phases involved: 
a. Observations on adsorption and desorption rates of dissolved 
waste components on particulates representative of those assumed to be 
mobile in deep aquifers; and 
b. Measurements of the motion of such labeled particulates through 
model aquifers composed of bed materials representative of anticipated 
site locations. 
There is a fairly large number of variables involved in these processes; 
Table 1 lists those parameters which are considered to be of primary 
concern in the present study. A meeting was held with NRC staff and others 
at Bethesda in January 1979 to review these objectives and it is expected 







Bed Material Suspended Material Tracers 
Deionized Water None Sand Kaolin Na-24 
"Conditioned" Water Air Basalt Vermiculite Cs-137 
Saline Water CO2 Granite Sand Cr-51 







PRESENT STATUS  
The project was initiated in August 1978. After setting up needed 
facilities and supplies the work has settled into a steady routine and 
preliminary results on column performance, adsorption rates and particle 
characterization have been obtained. Figures 1-3 illustrate some of the 
laboratory facilities for particulate labeling and particle movement 
through vertical beds. 
WORK DONE DURING THE QUARTER  
Four different processes are involved in this process and are being 
investigated in this project: 
1. Adsorption of dissolved waste ions on particles of different 
constitution; 
2. Competition between moving particles and surrounding rock 
surfaces for adsorbed ions; 
3. Interaction effects between particles and rock surfaces that 
may control particles motion; and 
4. Competition with other dissolved ions in the water for accessible 
adsorption sites. 
It may be assumed that the adsorption-desorption processes do not 
depend on slow motion of the particles and, on the other hand, that the 
rock-particle interactions are not significantly affected by any adsorbed 
ion on the particle surface. For this reason, adsorption tests with trans-
uranium tracer can be conducted almost independently of tracer tests on 
particle movement in a long column, and this has resulted in designing 
the project plan along two parallel lines. 
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Fig. 1. View of Two Polycarbonate Columns with Basalt Bed 
Fig. 2. Suspension Tests on Fine Particulates 
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Fig. 3. Tracer Adsorption Tests with Anoxic Water 
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Two major variables must be taken into account in such test work. 
One is the nature and composition of the water, that is whether anaerobic, 
partially oxygenated or carbonated, and whether "pure," saline or condi-
tioned by lengthy exposure to rock surfaces. The other is the condition 
of the bed matrix surfaces; they can consist of freshly fractured particles, 
oxidized surfaces or otherwise treated surfaces. There seems to be no 
clear consensus on what one may reasonably expect at great depth, and the 
present project will progress from "fresh" surfaces and pure anaerobic 
water to increasingly weathered material and increasing gas content to 
determine the importance of these factors in the present context. This 
procedure should result in a more systematic approach and will make it 
relatively simple to include more site-specific conditions, once these 
can be delineated. 
PHYSICAL AND CHEMICAL CONDITIONS OF  DEEP GROUNDWATER  
To establish realistic test conditions an appropriate choice of 
experimental parameters is important. Three areas of specific importance 
to the present work are the nature and concentration of carbon dioxide 
in deep waters, the influence of diagenesis and the effects and importance 
of "equilibration" of water with surrounding minerals. 
Estimates of the concentrations of dissolved CO 2 in deep water seem 
to vary appreciably. I. W. Marine at Savannah River Labs has analyzed 
deep groundwater samples and reported concentrations of 10-40ppm. Though 
the source of water may be different in different candidate depository 
formations, that range of CO 2 concentrations will be used in upcoming 
tests in the present project. Various ways of attaining such concentrations 
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have been examined, based on the known reaction constants for the CO 2
-carbonate system in water. No CO2 -loaded water has been used so far. 
There has been disagreement among investigators as to the validity 
of data obtained using freshly crushed rock when extrapolation is to be 
made to the actual conditions existing in the rock in situ. Surfaces in 
contact with groundwater for significant periods of time are subject to 
diagenesis and alteration of surface properties and characteristics. 
Obtaining and studying material with sufficient natural surface is not 
possible within the limitations of our work, so ground material has been 
used. "Equilibrated" water has been used in some instances to provide 
at least a more stable situation between the composition of the mineral 
surface and the liquid in contact with it. 
The basalt with which we have been working is a very tough material, 
and there is a potential for contamination by wear from the surfaces of 
the crushing equipment. The basalt was received in the form of chunks, 
fist-sized and slightly larger. These were broken by hand with a hammer 
and then crushed between heavy cast steel rollers which were set succes-
sively closer together. The crushed material was fractionated by 
screening. Some of the finer sizes were also produced by ball milling 
> 15 mesh fractions in a ceramic jar with alumina balls. This also 
produces contamination; visible wear occurred on the jar. It is 
believed, however, that the ball and jar material was removed later as 
very fine particles when the subsequently screened fractions were re-
peatedly washed until no turbidity could be seen in the wash water. The 
basalt was then dried for storage until use. Subsequent samples will be 
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precrushed with a jaw crusher. 
"Equilibrated" water has been prepared and used in some of the 
experiments. This water was prepared by keeping deionized water in 
Contact with sizable portions of the mineral for extended periods 
(weeks or months). In some instances stirring was employed, and in 
others the water was gently refluxed. The equilibrated water is passed 
through a Millipore filter before use. 
Some saline solutions have been prepared to observe particulate 
aggregation of clay minerals and to gain experience with handling these 
solutions. Extensive tests in salt water have been deferred until fully 
consistent results are obtained with distilled deionized water. 
BEHAVIOR OF PARTICULATES  
In considering to rate of movement of radionuclides through porous 
media, it is clear that several factors are of major importance. Besides 
the rate of liquid movement, the primary determinants of rate of nuclide 
movement are the mechanisms of interaction between dissolved nuclides 
and transporting particles and those between adsorbed nuclides and the 
stationary phase. Nuclides irreversibly attached to a mobile particle 
will move only with the particle; the more likely case is where the 
nuclide is less firmly attached and is subject to competing attractive 
forces of the stationary surface. 
Primary activities this quarter have been devoted to a survey of 
the behavior of kaolin particles in columns of crushed basalt, using de-
ionized water as the carrier. At the end of the period, the equilibrium 
of all rock water samples has been halted and the samples filtered, but 
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chemical analyses have not been performed. 
The kaolin suspension had been prepared about two months before use 
by stirring kaolin in water and allowing it to stand. Samples were 
removed from the top for use. The suspension is prepared for use by 
centrifuging, decanting the supernatant, resuspending in water by ultra-
sonic agitation, and then repeating this sequence again. The resulting 
sol was activated by irradiation in the Georgia Tech Research Reactor for 
one hour at a flux of 10 13 neutrons/cm2 sec to provide an internal Na tracer. 
The morphology of the particulates was determined from electron 
micrographs. The particles shown on the electron micrographs were 
counted on a Zeiss counter and a probability plot (Fig. 4) was prepared. 
The mean particle size was found to be 0.125 ± 0.03 micron. It is assumed 
that with particles this small, little mechanical entrapment due to phys-
ical hindrance or interstitial straining will occur in a 40/50 mesh medium 
unless particle agglomeration occurs; any radioactivity deposited in the 
column will, therefore, be due to particle immobilization by other mecha-
nisms or to transfer of radioactivity to the bed material. 
ADSORPTION TESTS  
One of the principal mechanisms being studied is the adsorption-
desorption behavior of dissolved tracer on particulate surfaces. Absorp-
tion studies have been conducted to determine the relative distribution 
of radiotracers between solid and liquid phases. 
The initial step in the study of the competitive forces has been 
to determine the distribution of Cs 137 and Pu237 in different liquid- 
solid systems. The presumed lack of free oxygen in subsurface formations 
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The general technique is to place 100 rat of the liquid in a flask 
with a known amount (usually 1 gram) of the mineral to be studied, and 
to add to a known amount of radionuclide. Samples of the solid and 
liquid are separated at intervals, and the radioactivity of each fraction 
is measured. The anoxic system consists of six flasks, connected in 
series by flexible tubing through which a slow flow of water-saturated 
nitrogen is maintained (Fig. 3). Each flask is provided with a Teflon-
coated stirring bar and a magnetic stirrer. It was soon found that strong 
continuous stirring leads to a disintegration of the mineral and/or stir-
ring bar. The tough, abrasive particles of basalt, in particular, are 
most effective in grinding from the stirring bar fine particles of Teflon 
which float to the surface. The stirring regime was therefore changed, 
and in subsequent runs the anoxic flasks have been stirred for only a 
few minutes at the time about twice a day. In those cases where no 
attempt to exclude oxygen was made, the flasks are swirled by hand. 
Under these circumstances the mineral contacts all parts of the liquid, 
but there is no attritional change in the size of the particles. 
Several variations have been employed, including equilibration of 
the Cs 137 solution with the flasks, to avoid uncertainties due to absorp-
tion, by the surface of the flask. Some unstirred flasks have also been 
included, but the true significance of this effect has not been well 
established due to the small volume of liquid involved, and the amount of 
inadvertent mixing caused by handling and sampling. It now appears, 
however, that stirring is not a factor of concern in these experiments. 
The presence or absence of oxygen also did not seem to cause any signifi-
cant difference in the Cs 137 results, although our system of oxygen 
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exclusion was admittedly less than absolute. The nitrogen gas used is 
known to contain a few parts per million of oxygen, but based on its 
partial pressure, the dissolved oxygen in the water was obviously quite 
low. Table 2 summarizes the results obtained in several different runs. 
In each instance, only the radioactivity of the liquid is given, as 
determination of the activity of the solid will require termination of the 
experiment. Each liquid sample is centrifuged and decanted before count-
ing. From this table it is seen that sand has the least affinity for 
Cs 137 and basalt has the greatest, although it is to be noted that both 
sand samples were much coarser than the other minerals. The intermediate 
value given by the liquid from the basalt-kaolin combination (#9) is 
believed due to incomplete removal of the kaolin from the sample which 
retained a visible turbidity. 
In another set of experiments (see Table 3) the effects of deionized 
water and brine were compared in the absorption of Cs 137 on basalt and 
kaolin. Kaolin coagulated rapidly in the presence of salt water due to 
interference with the normal repulsive forces which would keep it in 
suspension. The results shown in Table 3 lead to the conclusion that if 
basalt is first brought to equilibrium with saturated brine its sorptive 
capacity for Cs 137 is greatly reduced. This is probably due to having 
most of the active sites on the surface filled by sodium ions. Similar 
results are seen for kaolin, although the effect of surface area reduction 
due to coagulation is yet to be fully explored. 
In work with Pu237 , it has been observed that virtually identical 
quantities of the radionuclide are absorbed by basalt in contact with 
brine and with equilibrated water. Details are given in Table 4. 
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TABLE 2 
Summary of Cesium Adsorption Tests on Various Rock Types 







1. Sand(60-140 Mesh) No Yes 13,985 8,265 0.591 
2. Magenta(325-500) No Yes 17,175 1,245 0.0725 
3. Basalt(325-500) No Yes 19,060 464 0.0243 
4. Shale(250-270) No Yes 17,238 892 0.0517 
5. Culebra(250-270) No Yes 18,441 483 0.0262 
6. Limestone(200-250) No Yes 19,357 1,664 0.0860 
7. Basalt(325-500) Yes Yes 18,341 423 0.0231 
8. Basalt(325-500) Yes No 19,540 409 0.0209 
* 
9. Basalt(325-500) Yes Yes 16,526 1,306 0.0790 
+ Kaolin 
10. Sand(35-60) Yes No 17,525 11,442 0.653 
.2. 
Each sample contain 1.00 gram 
of the s3ecified sample in 
100 ri of Cs-137 solution con-
taining 0.028 liCi/mi activity 
Kaolin that did not settle out 
after 3 days left in. Liquid Was 
definitely turbid. Cs on particles 
accounts for elevated value over 
3, 7, and 8. 
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TABLE 3 
Cesium-137 Adsorption Tests 
Description 	 Counts/min 
Basalt in deionized water 	 579 
Basalt in saturated salt water 	 13,049 
Kaolin in deionized water 
	
1,367 
Kaolin in saturated salt water 	 12,972 
in each case 5 gm/100 mR, (0.0276pCi/m0 
TABLE 4 
Plutonium Adsorption Results 
Pu-237 with 0.5 gm basalt (40-50 mesh) in 10 1112 water 




Net counts/100 min  Net counts 
gm Pu sol 
    
     
      
Salt 1.321 13,362 10,115 
* 
Equilibrated 0.542 5,524 10,192 
Water-basalt mixture heated for prolonged period. Water is then 
filtered by millipore filters removing particles down to 100 
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Additional comparisons of the behavior of basalt in deionized water, 
equilibrated water, and brine are in progress. 
DYNAMIC FLOW TESTS 
A large part of the quarter's activities was devoted to flow 
studies involving the behavior of labeled particles when introduced 
into a packed column of granular mineral matter. Both acrylic and poly-
carbonate columns were used during the quarter; however, polycarbonate 
columns of improved design are replacing the others, which tended to 
develop cracks. The acrylic plastic tubes were filled with - 59 cm of 
40-50 mesh Sentinel Gap basalt, with - 1 cm of coarse granite on each 
end. The crushed rock was added through a column of water, both to 
eliminate trapped air and to slow the settling rate, providing better 
packing. Packing was also improved by rapping the side of the tube 
during filling. Two columns were run in parallel. 
Hydraulic conductivity was not measured for these columns, but for 
similar columns filled with the same material it has usually been - 0.1cm/sec. 
Column pore volumes and porosities were determined by injecting a chromic 
acid tracer tagged with Cr 51 . The accuracy of this method was verified 
for one column by weighing the dry components before the column was filled, 
filling the column as usual and weighing the full, wet column. Results 
for the two methods agree within 2%. In the future, the chromic acid method 
will be used because it more nearly measures the pore volume involved in 
flow, which would be expected to be slightly smaller than the total pore 
volume. The effective porosity was - 45%. Using these values, it can 
be calculated that the average effective pore diameter was - 70 pm. 
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Details of the set-up for experiments involving column flow are shown 
in Fig. 5. Recent columns used have been of polystystyrene or poly-
carbonate, 0.5 inch inside diameter, 24 inches in length. A septum is 
provided so that injections by hypodermic into the top of the column can 
be made. The bed material is retained in place by fine-mesh polyethylene 
screens located at the top and the bottom. 
Tests performed on the columns were of two types; movement of ionic 
sodium and of activated particles. In the ionic sodium test, 24Na2 CO3 
was prepared and injected. Its appearance in the effluent was monitored 
by collection of the effluent in successive planchets, drying, and counting 
of the characteristic gamma ray peaks with a NaI(Ti) system. 
In the activated particle tests, 20 mg of kaolin particles were pre-
pared as previously described. Treatment with H202 in a KOH-acetic 
acid buffer not only served to remove extraneous organic matter, but 
placed the particle surfaces in K
+ 
form prior to irradiation. Since the 
activity detected in the particle tests was also 24Na, it is clear that 
the particles themselves were being detected, and not ions bound on, or 
released from, their surfaces. 
Through a fortunate accident, the tests were not performed in the 
same order on the two columns. For Column A, the particle test was 
performed before the ion test. For Column B, the particle test was 
performed after the ion test, and was followed by another ion test. 
This change had a profound effect on the results. 
In neither particle test was significant kaolin carried through 
the crushed rock column. The sample count rates fluctuated near back-




Fig. 5— Overall Column Set-up 
1. main water reservoir 
2. flowmeter 
3. valve 
4. deoxygenation column 
5. nitrogen inlet tube 
6. stopcock 
7. septum 
8. column of bed material 
9. collection point 
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injected activity recovered in a small peak at about one column volume. 
Although elution was carried out to approximately 20 column volumes, no 
other counts were registered above twice the standard deviation of the 
background. In fact, for Column B all the counts, including the small 
initial peak, fell below < aB . 
In the Na ion test performed before the particle test on Column B, 
essentially all (98%) the 24Na was recovered in the first 1.5 column 
volumes after injection, with the peak appearing at precisely 1.0 column 
volume after injection (Fig. 6). That is, the sodium ions were nearly 
unaffected by their passage through the column. 
The ion tests carried out after the particle tests showed behavior 
which was both similar in some respects and radically different from the 
before-particle ionic sodium test. The elution profiles are shown in 
Fig. 7. 
Total recovery of the 24Na was much smaller than in the earlier case. 
For each column, the initial one-column-volume peak contained only - 10% 
of the injected activity. Scanning the columns with a G-M survey meter 
showed the-activity to be concentrated in the top-most few centimeters--
the same area as the kaolin particles had been in at the end of the parti-
cle tests. This suggested that the kaolin particles sorbed on the basalt 
were acting as an ion exchange medium for the migrating sodium. 
K2CO3 of the same molarity as the initial injection of Na2CO3 was 
prepared and injected. After the peak from this injection had passed, 
the K2CO3 injection was repeated, again with the same number of moles 
as the initial Na 2CO 3 injection. Each of these injections removed one-
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about 1.1 column volumes after the injection. After each treatment, 
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the remaining Na activity in the column was observed to have moved 
farther along the column length, again suggesting a simple ion exchange. 
It is not known at this stage whether the activity was moving with 
the particles remaining in the column or whether it moved as free ions. 
This point will be elucidated by tests in the coming quarter. Now that 
these effects have been observed, a protocol for the next campaign of 
tests has been devised to attempt to duplicate the observations and high-
light the more interesting effects. Among other refinements, the particle 
tests will include efforts to elute them with an ionic front of the type 
used in the second ion tests; since higher salt concentrations cause 
clay colloids to agglomerate, it will be a surprise if they do move. 
Secondly, since skeptics have suggested that the kaolin particles are 
retained by straining and plugging pores, hydraulic conductivities will 
be measured both before and after the campaign in an effort to detect any 
decrease in conductivity due to plugging. 
MEASUREMENTS OF COLUMN TEST PARAMETERS  
A parallel set of column runs was conducted to check consistency of 
results and to explore experimental variables. 
A vertical tube with a gas sparger was included between the water 
reservoir and the column. Nitrogen flows through the sparger during 
experiments when oxygen is to be excluded. In future experiments, carbon 
dioxide or other gases may be introduced in this manner. During operation 
a constant head is maintained on the column by adjusting the flow from 
the main reservoir to match the rate of flow from the vertical tube. 
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In-line flow meters are used to measure flow rates which can reach 10 
or 15 mZ/minute when all valves are opened, although typical flow rates 
are around 1 ml/minute. 
It is believed that wall effects are negligible when the inside 
diameter of a column is 30 or more times the diameter of the granular 
particles. Packings of materials with sizes not exceeding the limit of 
30 diameters have therefore been used, with preference for the 40/50 mesh 
screened fraction. Although smaller particles provide greater surface 
area, in packed columns their peLmeability is proportionally lower, 
and adequate flow rates are difficult (or impossible) to attain. 
Considerable difficulty has been encountered with the entrapment of 
air during column filling and also the appearance of air bubbles at 
other times. Some water is placed in the column and the bed material 
slowly added while tapping on the column. A bubble-free column is pro-
duced if each increment of granular material is thoroughly wet and 
packed into position before more is added. Leaks in the system and 
changes in temperature and pressure produced bubbles whose presence is 
considered highly detrimental. Continued reverse flow with gently to 
moderate tapping generally removes bubbles within a reasonable time, 
although it was necessary at times to open the column and probe the 
packing to remove bubbles from the last 3 or 4 cm. 
The total capacity of the column could be easily calculated, but it 
was necessary to measure the void space, or porosity, of the packed bed. 
Two methods were used to make this determination and they agreed very 
closely. The direct method consisted of weighing the column and the fil-
ling material, and then weighing the filled water saturated column. The 
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difference in weight was due to the water added. It was believed that 
this procedure would give the maximum value, as it would take into account 
all water in the column, including any stagnant volumes that might not 
be involved in any method involving flow. 
The second method of porosity measurement used is to inject a known 
amount of chronium-51 solution into the column via the septum. As there 
is essentially no interaction between the chromium and the bed material, 
it passes through the bed and emerges as a slug at one column volume 
of water. The effluent is collected incrementally in planchets which 
are reweighed and counted to determine when the peak of the chromium 
activity emerged. The values obtained were in excellent agreement with 
the other method, leading to the conclusion that little (if any) of the 
liquid is not accessible to the general flow. 
A chromium tracer determination from which a gross volume of 39.36 
mr), was deduced is illustrated in Fig. 8. Subtracting the 3.8 mt volume 
of the inlet and outlet connectors, a net void space of 35.56 mi was 
obtained. This was 46.05% of the total calculated column volume. 
A support system was constructed to provide a fixed and reproducible 
geometry between the column and a small collimated sodium iodide crystal 
detector. The detector was attached to a sliding shelf that fits into 
grooves in the frame as shown on the left in Fig. 2. With a column in 
position, it is possible to scan the column in increments as small as 
6 mm to determine the pattern of radioactivity deposited (or at least 
present) in the column. A lead collimator for the detector was made 
which employs a 3/32" slit and fits half way around the column. 
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The initial run was made in a 40-50 mesh basalt column using an 
activated kaolin sol as the tracer. Activation of kaolin produces a 
tracer with a strong ga 	/a-ray photon due to the trace sodium 
content of kaolin. The use of a tracer that is incorporated within the 
particles was advantageous as it largely eliminates uncertainties as-
sociated with possible release of tracer elements that are held only on 
particle surfaces. 
All column runs have employed the same technique which is de-
scribed here. Activated kaolin sol (1.629g) which showed a count rate 
of 305,323 cpm was injected into the column and washed through with 
distilled, deionized water at a rate of 2-3 mi/minute. 
The column effluent was caught in approximately 6 Ea fractions in 
planchets which were weighed, the liquid evaporated, and then reweighed. 
The planchets were then counted on a sodium iodide crystal detector. 
To facilitate comparison of results between different columns and 
packinas, all data were correlated with column volumes, based on the 
porosity determination. The results of such a run are given in Fig. 9 
which shows the relation of recovered tracer to flow through the column. 
A total of 5 column volumes of water was collected and this was found to 
contain 14.96% of the total injected tracer. At this point the effluent 
contained about 0.5% of the total activity in each portion, but the 
quantity was decreasing. The appearance of air bubbles in the column 
(later found due to a crack in the column) terminated the experiment, 
leaving about 85% of the activity in the column. 
The column was then clamped off and placed in the holder for scan-
ning of activity. The distribution curve obtained was similar to that 
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bed: 40-50 mesh basalt 
tracer: activated, untreated kaolin 



































   
Column volumes 
Fig. 9. Tracer Recovery 
0 
from an uncollimated detector moving along the total length of a line 
source. This led to further tests of collimator resolution. A thin 
Co-60 source was used in a variety of positions around the collimator 
and it was concluded that collimation was quite adequate for all low-
energy tracers. However, sufficient collimator leakage occurred with 
the 2.75 MeV photons from Na-24 to affect the distribution curve in that 
case. To test the competitive effect of complexing, attempts were made 
to remove the remaining activity by rinsing with water containing a high-
phosphate detergent, but this resulted in the removal of only 22.66% of 
the initial activity. The results are illustrated by Fig. 10. In con-
sidering these findings, it appeared possible that particle deposition 
might be occurring with simultaneous loss from the particles of active 
sodium ions which would continue through the column. To test this hypo-
thesis, a solution of sodium ion was activated and injected into the 
column. Figure 11 shows the outcome--virtually no retardation of the 
sodium and 90% recovery within one column volume of effluent. Full re-
covery was made within 3 column volumes. 
In another column run activated kaolin was used, but was first treated 
to replace any loosely held sodium ions by potassium ions. Flow was 
stopped after 15 column volumes had passed through, with only about 1.5% 
of the total activity in the final volume. A total of 29% of the activity 
passed through, and these results are given in Fig. 12. 
Comparison with Fig. 9, with untreated kaolin, shows some differences. 
At 1.5 column volumes, nearly 5% of the injected tracer had been collected 
in the effluent as compared to only 2.5% of the potassium-treated kaolin. 
At 5 column volumes, the values were 17.5% and 5% respectively. It is 
therefore assumed that with untreated kaolin, ionic sodium (separated 
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bed: 40-50 mesh basalt 
tracer: ionic sodium 
influent: distilled, deionized 
water 
20 






































bed: 40-50 mesh basalt 
tracer: activated, treated kaolin 
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Fig. 12. Kaolin Throughput for K-treated Particles 
from the kaolin particles) was a major contributor to the activity which 
passed through the column. The two plots (Figs. 9 and 12) are similar, 
and both reveal a second point of inflection at which the rate of 
activity recovery in the effluent increases. 
A scan of the column following the treated kaolin is given in Fig. 13 
and is different from that of the untreated kaolin. The evidence of the 
treated material is that the immobilized activity is highest at (or near) 
the top of the column and decreases steadily toward the bottom. This 
curve, although subject to considerable fluctuations due to the low 
count rate involved, is more typical of the deposition pattern of parti-
cles in a porous medium. 
Additional work on the use of kaolin particles with sorbed tracers 
is under way. An experiment has been performed in which kaolin particles 
were allowed to stand in contact with Cs 137 for 3 days. They were then 
washed and prepared in the usual manner and used in a column run. The 
activity of the labeled particles was found to be too low for good count-
ing statistics, but the results were plotted and are shown in Fig. 14. 
Using a non-collimated detector, it was found that the highest level of 
residual activity in the column was at the top, and this fell off to 
background levels a few centimeters down the column. This experiment is 
being repeated using a higher concentration of Cs 137 solution which 
produces a higher specific activity in the kaolin particles. 
CONCLUSIONS 
Procedures adopted so far seem to yield internally consistent results 
though some discrepancies have been observed between nearly comparable 
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Fig. 13. Distribution of Tracer Throughout Column 
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bed: 40-50 mesh basalt 
tracer: kaolin labelled 
with Cs 137 
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Fig. 14. Activity in Effluent 
on fine particulates can, in fact, occur, though the range and scale depend 
on factors that must still be elucidated. 
Additional tracer nuclides are being obtained and it is hoped to 
conduct a greater number of parallel tests. The role of dissolved gases 
also will be investigated in more detail. 
The following parameters will receive major attention: 
1. Adsorption behavior of neptunium on kaolin and other particulates 
2. Exploration of agglomeration behavior of fine particulates in 
a saline environment and its persistence under flow conditions 
in a porous medium 
3. Effects of dissolved carbon dioxide on adsorption behavior and 
column tests 
4. Search for further evidence regarding the source of clay coatings 
on diagenized rock in deep waters 
5. Tests on technetium tracer when received. 
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Mobility of Radioactive Waste Materials 
in Subsurface Migration by Particulate Transport 
Third Quarterly Progress Report, Period April 1 - June 30, 1979 
INTRODUCTION  
The safe disposal of high-level radioactive wastes arising from the 
operation of nuclear power plants is considered one of the more urgent 
aspects of the nuclear fuel cycle that require extensive evaluation 
because of the very long time scale involved. Although the general tech-
nical feasibility of several disposal concepts has been demonstrated, 
there is still a need for quantitative information on several geological, 
geochemical and hydrological parameters, that would have a bearing on the 
long-term stability of solidified waste, and on the form and rate of 
migration through subsurface aquifers of any dissolved or remobilized 
fraction of the radioactive material. Present concepts envision the deep 
disposal, in bedrock or bedded salt, of solidified wastes in calcined form 
incorporated in a stable glassy or ceramic matrix. Various scenarios have 
been postulated for the subsequent fate of this material. The one of 
principal concern assumes the incursion of ground water into the disposal 
area, through seepage or by thermal or mechanical fracture effects in the 
surrounding rock. It is conjectured that this water may slowly leach out 
some of the waste material and then transport it horizontally or vertically 
through water-bearing strata or fissures under hydrostatic forces. Depen-
ding on flow rates and on intermediate sorption processes, some of the 
waste products may conceivably reappear in surface waters. Two types of 
transport can be envisaged: one involves the movement of dissolved 
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radioactive ions, remaining in solution but subject to adsorption/desorp-
tion effects on exposed rock surfaces, that may lead to a modified migra-
tion rate and may retain selectively those ions and complexes that are 
absorbed most strongly. The other, which is the subject of the present 
project, assumes that a finite fraction of the dissolved activity may 
adhere to very fine particulates and be carried by them, subject primarily 
to surface forces between moving and stationary mineral surfaces and to 
competitive sorption effects between the water-particle and water-rock 
surface interfaces. 
The existence of such fine particulates in groundwater has been 
demonstrated by previous work at Georgia Tech (Champlin 1969, 1970) and by 
concurrent work under the DOE Waste Isolation Safety Assessment Program 
(WISAP). Fine colloidal clay particles may arise from diagenesis, from the 
existence of clay coatings on fractured rocks, and have been observed 
during sample preparation of various mineral samples of rocks thought to 
simulate material encountered near potential depository sites (e.g. PNL-
2885-2). If there is significant adsorption of dissolved radioactive 
waste atoms on these particulates, they may serve as carriers through any 
deep aquifers giving the radionuclides a different and potentially longer 
migration range than they would have if they stayed in dissolved form in 
the water and their mobility and range were solely determined by exchange 
and adsorption phenomena on surrounding rock surfaces. For dissolved 
ions, such as Cs
+
, that undergo ion exchange readily, the range of 
migration may be very limited if only the dissolution pathway is 
considered. In such a case the greater mobility afforded by adsorption 
onto a colloidal suspended particulate that can travel more freely, though 
perhaps more slowly than the water movement itself, completely changes 
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the picture as far as long-range distribution of trace radionuclides 
around a flooded depository goes. For nuclides that do not form strong 
ions adsorption on particulates by other processes may be possible with 
consequent changes in migration range. Furthermore, due to ionization 
effects and the production of free radicals by radiolysis, attachment on 
particulates in the strong radiation field near waste containers may be 
favored and result in stable attachment which persists over long distances 
or time intervals. Investigations conducted so far have shown that such 
processes have a real probability of occurrence and must be taken into 
account when assessing the environmental impact of depositories and their 
licensability. This probability is independent of assessments of the 
likelihood of serious incursions of water into the depository site and of 
significant leachability effects in the solidified wastes. 
In the absence of any site-specific information on rocks or minerals 
the present project has taken a generic approach to the problem by 
selecting a range of materials for study that represent common species of 
minerals and rocks which are likely to be encountered in candidate 
depository locations. Similarly, the suspended particles used are repre-
sentative of colloidal suspensions expected in subsurface equifers. 
To avoid undue duplication with related research being done under 
other auspices the present project is emphasizing migration in saline 
waters, from salt bed repositories, in the possible presence of controlled 
concentrations of oxygen and CO
2 though work is also proceeding on basalt. 
To ensure reproducibility, comparison measurements have to be done on 
anoxic water and freshly broken rock surfaces before changing either water 
or surface conditions. At the same time to retain a clear overview, some 
of the results obtained in parallel investigations will be quoted in this 
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report. In keeping with the NRC principal mission, emphasis is placed on 
obtaining quantitative data potentially relevant to candidate sites that 
may be of assistance in planning future licensing activities. 
OBJECTIVES OF THE WORK  
The principal objective of the work is to observe migration rates and 
mobilization processes of selected radioactive and activable ions under 
conditions that simulate expected conditions in the vicinity of waste 
repositories. There are two major phases involved: 
a. Observations on adsorption and desorption rates of dissolved 
waste components on particulates representative of those assumed 
to be mobile in deep aquifers; and 
b. Measurements of the motion of such labeled particulates through 
model aquifers composed of bed materials representative of 
anticipated site locations. 
There is a fairly large number of variables involved in these processes; 
Table 1 lists those parameters which are considered to be of primary 
concern in the present study; the table has been updated and modified from 
the previous report. 
WORK DONE DURING THE QUARTER  
General Comments  
Four different processes are involved in this process and are being 
investigated in this project: 
1. Adsorption of dissolved waste ions on particles of different 
constitution; 
2. Competition between moving particles and surrounding rock 
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3. Interaction effects between particles and rock surfaces that may 
control particle motion; and 
4. Competition with other dissolved ions in the water for acces-
sible adsorption sites. 
It may be assumed that the adsorption-desorption processes do not 
depend on the slow motion of the particles and, also, that the rock-
particle interactions are not significantly affected by the presence of 
any adsorbed trace ion on the particle surface. These assumptions are 
based on the rather rapid exchange kinetics at the water particle interface 
where the concentration gradient is unlikely to be changed significantly 
by the very slow motion, of the order of kilometers per year or even 
decade, assumed to pertain to deep water-bearing layers that are not major 
aquifers. With regard to rock-particle interactions, these would depend 
largely on electrostatic surface effects which would not be significantly 
changed by a few attached trace atoms. (This situation would be different 
if there was appreciable radioactivity associated with any one particle so 
that there was significant radical ion formation around it.) For this 
reason, adsorption tests with transuranium tracers can be conducted almost 
independently of tracer tests on particle movement in a long column and 
this has resulted in designing the project plan along two parallel lines. 
During the preceding quarter studies were conducted on three related, 
but distinct aspects: 
a) background studies on probable physical and chemical conditions 
in ground-water near depository sites; 
b) absorption studies of dissolved tracers on suspended kaolin 
particles; and 
c) studies on the dynamic behavior of labeled fine particles in 
porous bed columns. 
In connection with physical and chemical conditions, different proce-
dures were tested to prepare water "equilibrated" with surrounding rock. 
This involved prolonged soaking of some rock material in the water to 
produce dissolved material concentrations whose composition would be 
characteristic of the rock matrix. 
In any likely scenario any movement of leached waste material would 
have to take place through both the depository host rock and through 
bounding layers, above or below it, which might consist of shale, dolomite 
or other common materials. For this reason other materials than the host 
rock (salt, granite or basalt) are of interest in predicting waste migra-
tion. 
All depository site qualifications assume a dry host material with 
minimum fracture. Subsequent leakage scenarios assume infiltration of 
water through fresh fractures due to seismic effects, stress relief or 
thermal processes. Even then flow rates of water would be slow and waste 
migration would be governed by interaction with exposed surfaces along 
these fissures. To simulate these processes in a reasonable time scale, 
faster flow rates must be used in the laboratory and the exposed surfaces 
simulated by the use of crushed or ground material offering comparable 
surface areas. 
In the previous quarter column tests were done primarily with basalt 
as the bed material. Void volumes were determined by means of a Cr-51 
tracer. In some tests kaolin particles were activated and Na-24 activity 
was used to obtain percolation and adsorption data. In other tests, Cs-
labeled particles were observed and retention profiles observed. 
Remobilization with a phosphate detergent was found to be only partially 
effective. Much of that previous work was repeated during the past quarter 
to obtain better consistency and to verify results. 
In addition, extensive studies had been done to determine the distri-
bution of Cs-137 and Pu-237 in different liquid-solid systems. Such 
studies were conducted in "pure," equilibrated and saline waters under 
anoxic conditions; significant differences were observed, particularly 
under saline conditions where clumping of particulates occurs. The extent 
of this agglomeration is still being studied, particularly to determine 
the changes in size distributions of these clumps with salt concentration 
and time and their effect on transmigration through the bed. 
Column Tests  
a. Direction of flow in columns  
In all previous experiments, columns have been run in a vertical 
position with influent entering at the top and effluent emerging at the 
bottom. Groundwater, however, may flow in virtually any direction. It is 
doubted that the direction of flow will have any significant effect on 
radionuclide migration involving very small particles, but this is a 
possibility which must not be neglected. 
To investigate the effect of flow direction, a two-part experiment 
was designed. First, an activated chromic acid solution was used as the 
tracer and its recovery monitored in horizontal, top to bottom (regular), 
and bottom to top (inverted) arrangements. The chromium does not react 
significantly with the rock, and should be transmitted as a "slug." This 
method has been used previously to determine the void volumes of our 
columns. The "slug" comes out 	of the column with a nearly Gaussian 
distribution due to diffusion in the water. 	The orientation test was 
intended to show if there is any displacement of the peak or in the amount 
of radionuclide recovered due to the orientation of the column or direction 
of liquid flow. 
The second part of the experiment also utilized the above three column 
conditions but used cesium-labeled particles instead of dissolved 
chromium. A fresh basalt-packed column was prepared in the usual manner. 
A flowmeter was placed in the influent line to monitor the flow, and 
effluent was collected in steel planchets after passing through the 2-foot 
long basalt column. 
The first condition investigated was the top to bottom flow (regular) 
since this has been our usual arrangement. Approximately one gram of Cr 51 
tracer solution (corresponding to 10 6 cpm) was injected into the column 
with no flow and the inlet tube clamped shut. After the injection, the 
Cr51 was allowed to settle for a few moments to reduce the dispersion in 
the water. After this settling time a flow rate of 2 ml/min. was set and 
maintained throughout the experiment. The effluent was collected in 
approximately 4 ml portions. When the faint yellow of the chromium began 
to show, the sample size was reduced to about 1.5 ml. This gave more data 
points in the critical peak region. Each planchet was weighed, then the 
effluent diluted to ensure reproducible counting geometries. The liquid 
was evaporated and the planchets reweighed; the weight difference being 
equal to the original volume of water in the planchet. The planchets were 
next counted to determine how much of the injected tracer was collected in 
each. The data from this run are tabulated in Table 2. After 66.2 ml of 
water, 47% of the tracer was collected. The peak of the activity occurred 
at 39.2 ml. 
Table 2 
Vertical Column Test, Cr Tracer 
sample cm. H2O net cpm °s/ml. Cum- % 
1 4.888 0 	0 0 
2 12.034 15 k 0 0 	. 
3 15.952 15 
4 20.997 11 
25.398 19 0 
6 28.843 10 
7 31.427 13 0 0 
8 32.715 38 0.003 0.012 
9 34.546 2969 0.160- 0.305 
10 •36.156 23363 i 1.433 2.61 
11 37.770 56837 3.478 8.23 
12 39.222. 63337 4.308 14.5 
13 40.833 63248 3.883 20.7 
14 42.687 66247 3.528 27.3 
15 44.624 46571 2.372 . 31.9 
16 46.533 34887 1 1.808 35.3 
17 50.972 53073 1.186 40.6 
18 55.953 31691 0.628 43.7 
19 61.935 24039 0.309 46.1 
120 1 	66.247 11902 0.276 47.3 
The next run was conducted with the column in a horizontal position, 
using more of the original batch of Cr 51 to reduce any error from using 
tracer that might be prepared differently. The same procedure was followed 
as for the first test. The flow rate was again set at 2 ml/min. and the 
effluent was collected as before. The results are shown in Table 3. A 
total of 169.2 ml of water were passed through the column and 49.6% of the 
original activity was transmitted. For comparison, at 66 ml (the amount of 
the first run) the recovered activity was totaled at 48.9%. The peak 
occurred at 39.5 ml. 
The final run using Cr51 tracer is exhibited in Table 4. This run 
involved a vertical orientation of the column with upward flow. The peak 
appeared at approximately the same volume - 39.2 ml. The recovery rate was 
markedly different, however. After 157.4 ml of effluent, only 23.8% was 
recovered. 
Figure 1 is a visual means of comparison of the peak placement for the 
three conditions. The horizontal and regular flows produced peaks in the 
same place. The peak from the upward flow run was also in the same 
approximate place, but much smaller, due to the difference in recovery 
rates. 
Figure 2 illustrates the differences in recovery. Runs 1 and 2 are 
once more basically alike, but run 3 is only half of these. In downward 
flow, the forces of gravity combine with the forces of flow; in upward 
flow, these forces are opposed. In horizontal flow, the gravitational 
effect is negligible, and dynamic forces govern. Elution from the column 
is slower in the upward flow mode, apparently due to considerably greater 
dispersion of the denser slug of tracer by the opposing forces. The peak 
of activity is not displaced, however. 
Table 3 
Horizontal Column Test, Cr Tracer 









































9 35 276 20312 1.557 3.348 
10 37.416 71599 4.128 12.181 
11 39.477 92267 5.523 23.564 
12 41.696 64343 3.577 31.502.  
13 44.304 50790 2.403 37.768 
14 47.073 36199 1.623 42.234 
15 50.233 26117 1.020 45.457 
16 53.250 12533 0.515 47.010 
17 57.988 9192 0.239 48.144 
18 63.258 5104 0.1.19 48.773 
19 70.741 3126 0.052 49.159 
20 76.518 1045 0.022 49.288 
21 100.22 1664 0 .009 49.493 
22 122.69 515 0.003 49.557 
23 145.52 379 0.002 49.603 
24 169.17 258 0 .001 49.635 
-12- 
Table 4 
Vertical Column, Upward Flow Cr Tracer 
Sample 	Cum. H2O 
	
Net cpm 	%/ml. 	Cum. % 	Sample 	Cum. H2O 	Net cpm 	%/ml. 	Cum. % 
1 5.134 50 0.002 0.008 21 58.636 8089 0.318 13.182 
2 11.341 31 0.001 0.012 22 63.357 7523 0.260 14.412 
3 16.205 33 0.001 0.017 23 67.819 6341 0.232 15.448 
4 20.975 33 0.001 0.023 24 73.676 7611 0.212 16.692 
5 24.295 23 0.001 0.02 7 25 78.846 7473 0.236 17.914 
6 27.677 43 0.001 0.034 26 84.290 6691 0.201 19.007 
7 32.094 118 0.004 0.053 27 90.026 5051 0.144 19.833 
8 34.378 1631 0.117 0.320 28 95.638 4170 0.121 20.515 
9 35.689 2952 0.368 0.802 29 99.430 2543 0.110 20.930 
10 36.599 3615 0.650 1.393 30 104.210 2698 0.092 21.371 
11 37.675 5939 0.902 2.364 31 	. 109.164 2375 0.078 21.759 
12 39.129 8054 0.905 3.680 32 114.844 2635 0.076 22.190 
13 40.230 5436 0.807 4.669 33 118.901 1472 0.059 22.431 
14 41.333 4850 0.719 5.362 34 124.887 1833 0.050 22.730 
15 42.955 6323 0.637 6.395 35 129.449 1286 0.046 22.940 
16 45.333 8793 0.604 7.832 36 135.727 1516 0.039 23.188 
17 47.894 8403 0.536 9.206 37 142.005 1336 0.035 23.406 
18 49.753 5051 0.444 10.031 38 148.057 980 0.026 23.566 
19 51.667 4781 0.408 10.813 39 153.510 879 0.026 23.710 
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Figure 2: Effect on Recovery due to Column. Orientation 
The second phase of this project was to determine peak and recovery 
changes from column orientation using cesium-labeled kaolin. 
Using the downward flow orientation, kaolin labeled in the usual 
manner was injected into the column and the same procedure was followed 
once more. Data obtained from this run are exhibited in Table 5. 
A small amount of Cr51 was detected in the effluent, but it may be 
accounted for by considering that the Cs 137 activity does not appear until 
one void volume has passed through. 
The data show that virtually all of the Cs 137 activity remained in the 
column for the entire run; in 267.8 ml of effluent only 0.349% was 
recovered and even this could well be desorbed activity which was carried 
out at one void volume of water. Figure 3 shows the cumulative recovery of 
this activity. 
Successive runs using the other two arrangements showed almost iden-
tical results. There was no significant change in recovery, or at the 
point at which activity was recovered. Scans of the column all resembled 
Figure 4. 
Figure 5 shows the effect of using a pressurized reverse flow to 
remove the trapped Cs
137 labeled particles. It was relatively ineffec-
tive, although some activity was removed from the peak. 
The major source of uncertainty in these runs, especially for the 
upward flow, was the dispersion of the tracer in the T-connector prior to 
actual entry into the bed material. This circumstance reduces the slug 
effect and makes exact measurement of the peak placement more difficult. 
This was minimized by the methods desribed earlier (clamping influent 
line, settling time), but some dispersion and, on occasion, even some 
seepage past the clamps was observed. 
Table 5 
Vertical Column, Downward Flow Kaolin Particles 




































8 36.236 152 0.031 0.031 
9 38.518 257 0.117 0.148 
10 40.234 146 0.065 0.213 
11 42.353 112 0.044 0.257 
12 44.772 51 0.012 0.268 
13 47.318 50 0.009 0.277 
14 49.187 41 0.006 0.283 
15 51.707 37 0.003 0.286 
16 57.211 22 0 0.286 
17 60.940 23 0 0.286 
18 67.651 44 0.006 0.292 
19 73.057 33 0.002 0.294 
20 78.864 31 0.002 0.296 
21 86.111 21 0 0.296 
22 91.064 23 0 0.296 
23 97.494 26 0 0.296 
24 102.689 23 0 0.296 
25 107.372 22 0 0.296 
26 127.810 45 0.006 0.302 
27 151.941 66 0.023 0.325 
28 178.498 40 0.006 0.331 
29 200.976 45 0.006 0.337 
30 225.287 42 0.006 0.343 
31 248.737 46 a 006 0.3'1-9 
32 267.804 29 0 0.349 
bed: basalt 
tracer: Cs 	labelled Kaolin 
influent: distilled, deionized water 
Column orientation: regular 
1.00 
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Other, minor errors were found to be due to small tracer losses in the 
septum and tubing connected to the column and some entrainment of the 
tracer in the water flow. These possible sources of error do not, however, 
account for the wide variation in recovery between the upward and downward 
flow modes, and it is concluded that direction of flow is a significant 
factor, at least when the density of the injected tracer is greater than 
that of the water. 
b. Particle Behavior  
A major effort during this reporting period was directed toward 
elucidating the behavior of submicron kaolin particles in a crushed basalt 
bed. All work was performed with distilled deionized water, using basalt, 
kaolin, and columns as previously described. Kaolin was chosen because it 
is readily available in pure form and is representative of many clay types 
that occur in deep waters. 
The three aspects of this problem are: 1) observation of the behavior 
of treated, irradiated particles in rock column; 2) differentiation of 
their behavior from that of dissolved cations of the same radiotracer; 3) 
examination of any effects of the test on the hydraulic conductivity of the 
columns. 
Particle preparation was that previously described: an aliquot of 
stock suspension was centrifuged, resuspended, and treated with a 
potassium-hydroxide-acetic acid-buffered hydrogen peroxide solution to 
remove organic matter and place the surface in potassium form; the treated 
particles were rinsed twice and then irradiated in the GTRR reactor for 1 
hour at 1 x 10 13 n/cm2 /sec; time was allowed for 
28A1 decay, following 
which the particles were resuspended and used in tests. The principal 
internal radioactivity of these particles is due to 24Na. 
Two columns were loaded with 40-50 mesh Sentinel Gap basalt in water 
with constant vibration to ensure close packing. Before tests with 
particles, the void volume and hydraulic conductivity of the column were 
determined. Columns used in these tests have porosities on the order of 
50-60% and hydraulic conductivities of about 0.09 cm/sec. The average 
effective pore diameter is then - 60 pm. At typical flow rates of 2.5 
3 cm /min., pore velocities are - 0.08 cm/sec. 




to observe the move- 
24 ment of 	Na ions. This test was repeated after the particle test to 
determine whether the presence of small amounts of clay in the bed would 
change the behavior of the sodium ions. 
Sodium ions showed similar behavior in the two columns and in the 
before-and-after tests. Thus, Figure 6 shows the results of the two tests 
on one column. In all cases, 9.8 ± 1.5% of the sodium appeared in the 





as an eluting agent was tested by the injection of an amount 
equivalent in concentration and in total to the initial Na 2CO3 injection. 
This removed 17.7 ± 2.5% of the remaining activity from each column in the 
one void volume following injection. This volume includes the activity 
peak (second peaks). Repetition with a similar amount of 
K2CO3 
eluted 30 ± 
5% of the remaining activity. One may then conclude that sodium ions are 
only moderately bound by basalt and are readily eluted by the introduction 
of potassium ions. 
This contrasts markedly with the observed behavior of activity when 
treated, irradiated particles were injected. Since the results for the two 
columns were quite similar, the elution profile for only one is shown 
(Figure 7). An average of only 2.4% of the injected activity passed 
Figure 6. 
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Figure 7. Elution of Kaolin . Particles from Basalt Bed 
through in the first 3.5 void volumes. This is in agreement with earlier 
tests in which this unimpeded fraction ranged from 0.4% - 1.3%. 
Essentially all of this 2.4% appears in the peak near 1.0 void volume; the 
elution rate rapidly declined to the vicinity of 0.001 - 0.005 of injected 
tracer per void volume of eluant. 
Much less sodium was present in the clay particles than was used in 
the ionic tests (as judged by induced activity). If this "particulate" 




used in the ionic tests would be expected to produce a pronounced effect. 
The reverse was observed: injection of about 1.4 ml of 0.073 M solution, 
or about 0.0001 mole of K2CO3 
removed less than 0.5% of the remaining 
activity either time this injection was tried (small second and third peaks 
in Figure 7). It was noted, however, that the longer-term elution rate 
following an injection was about twice as high as prior to the injection. 
Although this is probably a transient effect, no confirmatory data are 
available. It would also be of some interest to know the effect of 
prolonged exposure to higher salt concentrations and such experiments are 
planned. 
It is apparent that kaolin particles are strongly sorbed on crushed 
basalt and are quite resistant to leaching. No attempt has been made to 
calculate a distribution coefficient. 
It was observed that the hydraulic conductivity at the end of the 
series of tests was as much as 25% less than that at the beginning of the 
tests. Total flow through the columns was - 52, . This suggests that the 
addition of the clay to the column might in some manner be responsible for 
this fact, although the quantity of clay involved was quite small. Two 
additional columns were prepared in the same manner as the original columns 
in order to study this effect. 
The first was run with downward flow, as the original columns had 
been. As was typical, the test column was rinsed after setup with about 3 
of deionized water, prior to the first conductivity measurement. Succes- 
sive contact with 4 1 volumes of water at the usual 2-3 cm3  /min flow rate 
produced a 22% reduction in K .'for the first batch and a negligible 
reduction for the second, although no clay had been added. It was possible 
that compaction of the bed was responsible for this effect, although none 
was visually evident. Therefore, an attempt was made to expand the bed by 
flowing a third portion of 4 1 of water through it from bottom to top at the 
very high rate of 330 cm3  /min. No increase, and perhaps a very small 
decrease, in hydraulic conductivity was observed. 
The second column was run with upward flow to the minimize the possi-
bility, however small, of compaction effects. Although this bed started 
with the unusually low conductivity of 0.076 cm/sec after the initial 
rinse, the flow of 3.7 1 at 2-3 cm
3  /min caused a 20% reduction. An 
additional 4.8 1 occasioned an additional reduction equal to 16% of the 
original value. 
Thus, it appears that neither compaction of bed nor loading with added 
clay particles explains the decrease in the hydraulic conductivity of 
crushed basalt beds which was observed in these experiments. Perhaps some 
diagenetic reaction or other physico-chemical interaction between basalt 
and water is responsible, but this is only a speculative hypothesis. The 
total time during which water was in contact with the rock to produce these 
changes was about one week, a rather short time for such a reaction to take 
place. 
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In order to monitor more closely the radioactivity of column 
effluents during long runs at low flow rates, a continuous flow system was 
assembled as shown in Figure 8. It was tested with runs involving 
dissolved Cs 137 introduced into a basalt column. No radioactivity was 
observed in the effluent during the following 60 hours during which 20 
column void volumes passed through the system. Higher flow rates and the 
injection of 30 ml of 0.1 M NaCl solution resulted in no observable 
activity in the effluent, but activity was observed after 60 ml saturated 
(approximately 6.2 M) sodium chloride solution was passed through the 
system. The eluted isotope amounted to about 1.4% of the quantity 
injected. A scan of the column showed that the balance of the activity was 
still in the column, concentrated in the top 10 cm. A small amount of a 
brownish, fluffy precipitate was observed in the final collection flask. 
It was found to contain iron (thiocyanate test) and is believed to have 
been iron oxide/hydroxide/hydrated oxide that originated in the basalt 
itself, as there was no metallic iron in contact with the liquid anywhere 
else in the system. The importance of the precipitate is at present 
unevaluated, but clearly could be of significance as a particulate carrier 
of radioisotopes. 
Of particular interest was a series of column runs with 237Np-
labeled kaolin particles. Two parallel columns, one filled with basalt and 
the other with limestone, were observed over an 11-day period. Flow rate 
was 425 ml/min. 67% of injected activity was recovered after passing 
through the basalt column, whereas only 2% was recovered from the limestone 
column. Figure 9 shows the distribution of the 237Np activities in the two 
columns. It is evident that in limestone most of the activity was retained 
near the top of the column, though only weakly, whereas in basalt there was 
-27- 
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an almost uniform distribution (the apparent rise in activity near the 
middle of the column is due to insufficient collimation, 
adopted to obtain adequate count rates). 
A major concern in this work is to identify what particles pass 
through the bed and what characteristics determine their range of migra-
tion. Effluent from the column is quite clear to the unaided eye, but in 
order to determine if any of the injected particles pass completely through 
the column, electron micrographs were made of effluent samples. The 
samples were collected after 1 1/2, 2, 2 1/2, 3, and 3 1/2 void volume of 
water had passed through. Figure 10 shows two examples of particles in 
the effluent. Particles of kaolin are easily recognized and found in all 
samples. It was noted that the particles appeared in clumps of varying 
shapes and sizes. Although there is a slight possibility that this 
clumping was caused by the technique used to prepare the samples for 
examination under the electron microscope, earlier electron micrographs 
taken of other samples of the same kaolin showed numerous individual 
platelets. 
The very low density of particles in the effluent, particularly in the 
final sample, does not provide any good statistics, but the number of 
clumps observed were in the approximate ratios as follows: 
Void volumes passed 	 Relative number of clumps  
11/2 	 50-100 
2 50-100 
21/2 	 5 
3 5 
31 	 0.5 
Figure 10. Examples of Kaolin Particle Agglomerates in the Column Effluent 
Additional investigation is planned to ascertain if there is any change in 
size of the eluted clumps, or their component individual particles as flow 
through the column continues. From the limited data now available, the 
clump size seems rather uniform and this may have a bearing on the quantity 
of radioactive matter transported. 
Sorption experiments  
As the transfer of radioisotope from one solid to another involves 
passage through the liquid, it is of interest to study the relationship of 
dissolved and absorbed activity. In addition, any initial adsorption of 
waste activity on particulates depends on a complex set of circumstances. 
Sorption-desorption experiments of the type described in previous 
reports have, therefore, continued. The technique used for determining 
the sorption of a radioisotope from solution onto a solid substrate is as 
follows: Enough radioisotope to provide adequate counting statistics was 
placed in the selected solution to which the chosen mineral matter in 
finely crushed form was to be added. After allowing a period for equili-
bration between the solution and the walls of the containing flasks, a 
sample was withdrawn for counting to obtain the initial activity. The 
crushed mineral was then placed in the solution and stirred (or swirled) at 
intervals. Anoxic conditions were maintained in some instances. Samples 
of the solution were taken one, two, and four weeks later. There was 
little difference in the count rates of samples removed at the two-and 
four-week points, so these values were averaged and used to calculate the 
percentage reduction of activity in the solution. The mineral substrates 
utilized were obtained through the WISAP program: Sentinel Gap basalt, 
Conasauga shale, oolitic limestone, magenta dolomite, and Culebra. The 
results are summarized in Table 6. 
-32- 
Table 6 
Percent Removal of Cs-137 from Liquids in Contact with Mineral Particles 
Solid 
Liquid phase Basalt Shale Limestone Magenta Culebra 
Distilled, deionized 
water 
81.5 95.1 29.7 90.1 92.1 
Distilled, deionized, 
deoxygenated water 
82.4 90.4 71.5 90.0 90.3 
Equilibrated water 
heated (a) 




1.0 M NaC1 39.2 84.7 14.7 57.0 22.8 
1.0 M NaC1 
deoxygenated 
15.2 
(a) Prepared from distilled, deionized water heated in contact with 
the corresponding mineral for several weeks. 
(b) Same as (a), except stirred instead of heated. 
The general pattern of these results shows that increasing ionic 
strength of the liquid phase reduces the sorption of radioisotope on the 
mineral. This effect is probably due to competition between ions for the 
limited number of absorption sites on the surface of the substrate. The 
absence of oxygen in distilled, deionized water had little, if any, effect 
except in the case of limestone, where sorption was greatly increased in 
the absence of oxygen. Oxygen was excluded from the sodium chloride 
solutions in only one instance (with basalt) where a significant decrease 
in sorption was observed. 
The ion competition concept is supported by other observations. It 
was noted that there was a very wide difference in the level of radio-
activity found in the initial liquid samples, although the same quantity of 
Cs 137 had been added to each flask. While manipulative techniques and 
counting statistics can explain some variation, clearly other factors were 
involved as shown by the data of Table 7. The highest counts were obtained 
in the 1.0 M sodium chloride solutions, which were much higher in ionic 
strength than any of the other liquids. 
To determine if beaker wall adsorption affected the activity, some 
flasks were first treated by filling with a 0.01 M solution of non-radio-
active cesium chloride for three days prior to use. In eight of nine 
instances the results were very similar to those obtained in untreated 
flasks, and it was concluded that pretreatment is not necessary. The 
actual figures obtained are given in Table 8. 
The ease with which the sorption equilibrium can be shifted was demon-
strated by the addition of 10 ml of 6.2 M sodium chloride solution to each 
of the flasks used in the experiments of Table 6. The added salt displaces 
some of the adsorbed activity, increasing the activity in the liquid phase, 
Table. 7 
One-Minute Counts of Initial Samples to Which Equal Amounts 
of CS-137 had been Added 
Distilled 
Distilled__ Deionized. 
Deionized . Deoxygena- 
Sample Water 	ted Water 
Number 
. 




- Equilibrat- - 1. ON 	1. ON. 








5 9323 (a) 
6 1.1065 (a)  
7 '7519. 

















24 13604 (e) 
(a)  Basalt 
(b)  Shale 
(c)  Limestone 
(d)  Culebra 
(e)  Magenta 
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Table 8 
Percent Reduction of Cs-137 Activity in Flasks with 
and without Prior Treatment with Cesium. Chloride Solution 
Mineral' 
Substrate Liquid phase 	. Pretreated flask Untreated flan 
1. Basalt Distilled, deionized 
water 
 88 . 82 
2, Basalt Equilibrated water 	. 81 76 
3. Basalt 1.0 M NaC1 26 '40 
4. Limestone Distilled, deionized 
water 
 16 3(1 
5. Limestone Equilibrated water 0 12 
..- 
6. Limestone 1.0 1,1NaCl 18 - 	15 
7. Shale Distilled, deionized 
water 
93 _ .95 
8. Shale Equilibrated water .94 - 	92 
9. Shale 1.0 N NaC1 86 85 
as clearly shown by the data of Table 9. These data include a correction 
for dilution by the added liquid. It is evident that tracer adsorption is 
less from equilibrated water, with its concentration of competing 
dissolved ions, and in the presence of NaC1 than in deionized water. 
Because of the appreciable effect the presence of salt has on ion 
adsorption on particulates, an additional series of tests was carried out 
on saline solutions, in the same manner as previously. The results are 
summarized in Table 10 and Figure 10. Except for limestone, increased salt 
concentration clearly pre-empted adsorption sites, as expected. In all 
cases adsorption on limestone was appreciably less than in other minerals; 
however, because of the crumbly nature of limestone, for flow in limestone 
higher concentrations of fine particulates may be available as carriers, 
compensating for lower specific uptake. This aspect is under current 
investigation. 
It is well known that suspended clay particles can be coagulated by 
the addition of dissolved salts in sufficient concentration. It is there-
fore likely that mobile particles in a porous medium could become 
stationary if saline water were encountered. The concentration at which 
agglomeration occurs is known as the Critical Coagulation Concentration 
(CCC) and varies between for particles of difficult constitution and for 
different salts. 
The CCC was measured for the kaolin particles employed in our experi-
ments. This was done by adding increasing amounts of sodium chloride to a 
series of test tubes containing kaolin suspension. Below the critical 
point, particles remain in suspension. Above the critical point, there is 
a rapid decrease in suspended particles as the salt content increases. 
This behavior is illustrated graphically in Figure 11. 
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xygenated water 	-..... 1190 _98 _ 
-- 	- - 	 - 1.0M NaCl, deoxygenated 
water  	-- 	3364 2798 
Distilled, deionized water 1066 148 	- • 
Equilibrated water (heated) 1649 312 
Equilibrated water '(stir- 
red) 	 1990 - 	-295 
1.0X NaC1 	 3841 . 	2169 • 
Distilled, deionized,deo- • 
-xygenated. water 1254 86 
Distilled, deionized . 	- - 
water 	 .1425 183 12 
. 	- 
Equilibrated water (Stir- 
-red) 	 2018 - 46 















Table 9. Change in Cs-137 Adsorption Following . Sodium Chloride Addition. 
Mineral 	Liquid phase 
	
Relative activity detected 
Substrate 
Initial 	Prior to After NaC1 
NaC1 ad- addition 
dition 
11. Limestone. Distilled, deionized,. deo- . 
. xygeuated water 	 984 - 





231 	. 1242 
163 	1412 
' 'Equilibrated water- 	- 	. 
(stirred) 	 2249 	1863 	- 2566 
- - 
.. 	 .  • .. • 
1.OM NeC1 	 3001 2495 2569 
15. Culebra 	tistilled,deionized, deV-: 
xygenated 	 905 	49 - 	602. 
Distilled, deionized water 1385 	67 	• -. 878 
Equilibrated water (stir- . • 
red) 	 1413 
18. 1.OM NaC1 	 2826. 
19. Magenta 	Distilled, delonized,deo- 
x-ygenated 	 . 1127 
20.
/I 	 Distilled, deionized 
water 	 1170 	101 	553 








Adsorption of Cs-137 from Sodium Chloride Solutions - 
of Different Concentrations 
NaC1 
Concentration Basalt Limestone. Shale Magenta 
m Mole/2 
1. 0. 0 89.5% 48.0% 96.2% 95.7% 
2. 5.0 90.1 29.2 95.5 89.8 
3. 10.0 88.3 25.9 94.5 91.2 
4. 15.0 87.3 35.4 93.2 89.3 
5. 25.0 82.6 28.5 92.1 89.6 
6. 50.0 77.6 29.2 91.2 84.1 
7. 100.0 71.0 33.0 90.5 78.4 
8. 500.0 51.8 29.0 86.7 66.1 
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Other Investigations  
A further attempt was made to examine the properties of kaolin 
particles by high-voltage paper electrophoresis. 	The paper used was 
Whatman chromatography paper, 0.33 mm thick. 	Several problems were 
encountered. Although it was difficult to apply enough radioactive kaolin 
to a paper strip to be readily detectable, prolonged counting eased this 
requirement. More serious, though, was the difficulty of propagating a 
constant-current DC voltage in very pure water. Over a period of about one 
hours, the current dropped to zero, providing insufficient total charge 
migration to move the particles. Since the property of interest is the 
mobility of the particles in pure water, the addition of salts to provide 
conductivity would be unacceptable. Thus, no information was obtained. 
This simple technique may still prove useful when higher ionic strength 
solutions are of interest. 
Because of continuing interest a literature search was begun to 
investigate the state of knowledge in the field of the movement of micro-
organisms through geohydrologic systems. The problem divides itself into 
two areas: movement of such biological "fines" in groundwater and the 
attachment of ions to the cell surfaces. Although this has not been of 
highest priority, some reference on the latter aspect of the subject have 
been found, but none on the movement of micro-organisms in groundwater have 
yet emerged. It is not yet possible to assess the importance of this 
information for the course of this project. 
ACTIVITIES PLANNED FOR NEXT QUARTER  
A major effort will be made to consolidate migration results by dupli-
cate runs and material balances to obtain a better idea of the uncertain-
ties and practical ranges of variables involved. 
Eight new columns are being set up at the present moment which will 
permit parallel runs with different bed media and different water 
conditions. In addition to basalt, the bed media will consist of lime-
stone, shale, and dolomite. 
Quantitative adsorption test to determine uptake rates of dissolved 
radioactive species on kaolin suspensions and, possibly, shale and lime-
stone particulates are planned for Cs 137 , Pu237 2 and Tc
95m when received. 
If time permits, such tests will be repeated in the presence of a strong 
gamma-ray source to test for any contribution from radiolytic effects in 
the near region. 
Studies are underway on the effect of particle aggregation in dilute 
saline solutions or in varying salt concentrations. Tests will also be 
needed to investigate the stability of such aggregates in water of varying 
purity of pH. 
By the end of next quarter it is hoped that enough preliminary infor-
mation will be available to assign tentative values to particle migration 
as a competitive seepage mechanism and possible travel ranges in selected 
media. 
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Mobility of Radioactive Waste Materials in 
Subsurface Migration by Particulate Transport 
Draft Quarterly Progress Report, Period October 1, 1979-December 31, 1979 
Introduction  
As part of a larger study on the environmental impact and the licens-
ability of proposed repositories for high-level radioactive wastes in deep 
geologic media, the current investigation has been conducted with emphasis 
on the contribution of particulate transport to the potential migration 
of leached waste products through subsurface aquifers. The general back-
ground to this work has been presented in the Annual Progress Report sub-
mitted last quarter; for this reason this report will deal only with work 
done during the past quarter. 
Personnel engaged in this project during the period under review in-
clude the following: 
Geoffrey G. Eichholz, Ph.D. 	Project Coordinator 
Barry G. Wahlig, M.S. 	 Research Scientist 
Jing Chiang, M.S. 	 Graduate Research Asst. (from Dec. 15) 
Gregory F. Powell, B.S. 	 Graduate Research Asst. 
Karen Davenport, B.S. 	 Graduate Research Asst. 
Karl A. Will 	 Research Asst. 
Richard C. Titolo 	 Research Asst. 
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Objectives of the Project  
The principal objective of this work is to observe migration rates 
and mobilization processes of selected radioactive waste ions under condi-
tions that simulate expected conditions in the vicinity of waste reposi-
tories and to determine retardation coefficients and partition factors. 
There are two major processes involved: 
a) Determination of adsorption and desorption rates of dissolved 
waste components interacting with suspended colloids and particulates 
representative of those assumed to exist in deep aquifers; and 
b) Measurements on the motion and retardation of such particulates 
in passing through model aquifers composed of bed materials representative 
of anticipated site locations. 
The present phase of the work has dealt with generic studies prior 
to work with site-specific rock and water media that can only be done after 
candidate repository sites have been designated. 
Review of Experimental Work  
As in previous quarters, the work can be divided into the following 
major areas: 
1. Adsorption of dissolved trace ions on suspended particles and 
aggregates; 
2. Transport conditions of labeled suspended particulates through 
crushed-rock columns; and 
3. Characterization of the physical and chemical properties of the 
particulates, bed materials and waters used in the various tests. 
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During the quarter work has been done in all three areas with an increas-
ing emphasis on the last area, where there exist substantial problems. 
A. Adsorption Studies  
a. Technetium Uptake on Kaolin 
Previous tests had shown appreciable uptake of dissolved cesium and 
strontium on kaolin, as expected. In the case of the more complex situ-
ation presented by the actinides and by transition elements, such as techne-
tium, the situation is less clear, particularly at pH values around 7, 
because of uncertainties regarding the oxidation states of the dissolved 
radioelements. In addition, the Argonne group has shown the existence 
of a cyclic change in oxidation state for plutonium in the presence of 
radiolytic decomposition products in water. 
Since there was only a limited amount of Tc-95 m tracer available, 
some preliminary adsorption tests were done with manganese, a chemical 
analog for technetium in many respects. For this purpose a 5 mg/m2, KMnO4 
solution in distilled and de-ionized water was prepared. An aliquot of 
this solution was activated in the GTRR reactor, producing 2.6 hour Mn-56 
tracer solution. 
Measurements on permanganate adsorption on crushed basalt and limestone 
were performed by contacting 2 gram samples of the rocks with 50 m9, of dis-
tilled de-ionized water containing two drops of activated KMn04. 0.5 mi 
aliquots were taken at 5 min intervals initially, at 15 min up to 150 min 
and counted. Uptake, as indicated by depletion of the solution activity, 
was slow and after correction for decay amounted to 8.03% of initial 
activity for basalt and 13.2% for limestone. Surface areas of the mineral 
samples were assumed to be comparable. 
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Absorption tests on technetium were planned to establish pH depen-
dence. A Tc-95m tracer solution, 2.76 pCi/m2, was prepared. A small 
portion was diluted in distilled, deionized water to a strength of 
11 pCi/k. Coarse kaolin particles were then added to a concentration 
of 2 g/R, and pH was adjusted. After 7 days/ contact duplicate samples 
were obtained and counted. Table 1 shows the results. 
TABLE 1 
Technetium Removal by Kaolin 
pH 
Counts/30 sec 
#1 	 #2 
mean Tc uptake 
pg Tc/g kaolin 
4.47 10,746 10,713 0.20 
4.60 10,272 9,815 2.38 
4.97 10,292 10,188 0.67 
5.27 10,294 10,083 1.36 
5.83 10,057 9,975 0.54 
6.28 10,532 10,427 0.68 
6.97 10,284 10,236 0.32 
9.50 10,253 9,961 1.9 
10.01 10,294 10,039 1.7 
Within the error of the experiment there seemed to be no significant 
variation in Tc uptake with pH. Additional tests are under way in the pH 
range of 5-9; there may be some real increase in adsorption at high pH 
values where Tc[IV] is the predominant species. 
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b. Plutonium Uptake 
Recent studies at Argonne and other laboratories have confirmed that 
the dominant species of Pu is likely to be Pu [V] in relatively oxidizing 
environmentsandPu[III] in reducing environments (e.g. (1)). Consequently, 
one would expect considerable variability in the Pu uptake on kaolin sus-
pensions. Some adsorption tests to establish uptake factors have been 
done and are being continued. 
Tests were conducted with finely crushed limestone, kaolin and ba-
salt samples exposed to distilled-deionized water containing Pu-237 in 
trace concentrations. Initial pH values were determined without rock and 
with five concentrations of each of the rock samples ranging from 0.005 to 
0.5 g per 20 mR, solution. Absorption tests were run over a period of six 
days; pH measurements were obtained at 2, 31.5, 44.75, 254.25 and 361.25 
hr. As Table 2 shows there were some minor variations in pH between 
initial and final (6 day) values for kaolin and basalt; however, for lime-
stone there was a substantial rise, due presumably to carbonate elution. 
There was some reduction in pH with increasing kaolin content and exposure; 
however, as the attached graphs (Figs. 1-3) show, most of the Pu uptake 
occurred in the early stages of the test when the pH was close to the 
initial value (uptake is assumed here to represent the net fractional 
loss of solution activity). The count rates were not corrected for 
decay. Figure 4 is representative of a series of tests on uptake 
showing the small but finite growth of uptake with time. As Fig. 5 
shows, within the error of the experiment, the uptake per unit mass 
was fairly independent of sample size. 
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TABLE 2 
pH Changes During Pu Adsorption Tests 




0.005 Limestone 6.86 7.68 
0.01 6.88 7.80 
0.05 6.83 7.86 
0.1 6.87 7.92 
0.5 6.78 7.90 
Blank 6.82 7.01 
0.005 Kaolin 6.88 6.80 
0.01 6.84 6.72 
0.05 6.93 6.59 
0.1 6.82 6.46 
0.5 6.79 6.31 
Blank 6.90 6.93 
0.005 Basalt 7.12 6.75 
0.01 II 6.80 6.77 
0.05 III 6.95 6.80 
0.1 I I 6.88 6.81 
0.5 II 6.97 7.11 
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Fig. 2 Reduction in Solution Activity in Contact 
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Fig. 4 Pu-237 Uptake on Mineral 
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B. Particulate Movement  
a. Movement of Kaolin Suspensions through Basalt and Limestone 
Columns 
The principal interest in the present project lies in the determi-
nation of the range of travel of clay particulates bearing radioactive 
waste ions and of the forces that may act to hinder or retard their move-
ment. In a real situation such movement may occur through a barely per- 
meable porous aquifer, such as a sand or shale stratum, or along an extended 
fracture, at almost any angle, in rocks bordering on the repository. 
To simulate that situation columns have been set up with crushed 
rock in vertical beds. By working with fine enough particulates, so that 
mechanical hindrance is relatively insignificant, one may obtain data on 
surface interaction effects as a function of a given flow rate confronting 
a known rock surface area. 
The previous report has described experiments designed to determine 
the fraction of influent particulates passing through a column of specific 
void volume and hydraulic conductivity. Tests have now been performed to 
examine the actual retention sites in the column. Previous radiation 
scans along the columns, detecting2.8 MeV gamma rays from Na-24 in the 
activated kaolin particles, suffered from poor spatial resolution due to 
inadequate collimation. 
Several methods were tested to improve the counting geometry without 
disturbing the contents of the column but these too did not have a "good" 
geometry. At that time it was determined that in order to really obtain 
a representative measure of the activity retained in the column, the 
actual contents would have to be removed. The method of removal that 
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proved best was by exerting water pressure on the column material by 
use of a regulated pump. With all air out of the tubing (see Fig. 6) 
this procedure allowed the easy acquisition of small samples of the 
column material. Though this method of collection of column sections 
was convenient, it did introduce additional complications. Since the 
samples obtained were not completely uniform, certain assumptions had to 
be made in correlating the data obtained with a specific column location. 
Thus it was assumed that: 
1) The density of the labeled material was uniform within each 
individual sample. (This is reasonable due to small sample size 
[on the order of 2-5g].) 
2) Each column has a uniform density of material. 
3) The desired counts for these non-uniform samples could be 
extrapolated or rather correlated to provide some uniform 
measure (counts per inch of column), and 
4) In emptying of the column material the particles are absorbed 
or trapped such that there is no interchange of the activated 
articles. (This may be supported by noting that the effluent goes 
to background after many samples and the column samples do not 
contain a great deal of water.) 
To correct for geometry errors due to the coarseness of the bed 
material, a correction factor of 1.086 times the net sample count was 
determined to convert bed material counts to standard sample geometry. 
Using these procedures, a limestone and a basalt column were analyzed 
in a comparison study to determine which retained the greatest portion of 
its injected activity and at what position in the column. 
14 
pump 




Fig. 6 Arrangement for Removing Material from a Column 
The basalt and limestone used in this experiment were 40-50 mesh in 
size and had approximately the same "history." By history we mean that 
they were prepared under similar conditions, they had almost equal amounts 
of deionized water run through them when in a column and were approximately 
the same age (i.e. has approximately the same time of being set-up in a 
column) although the basalt was a few weeks older. The test was run with 
a flow rate of 1 mft/min. for each column, with activated kaolin used as 
as source of injected activity. Both tests had the column in a vertical 
direction with a downward flow. 
The results of the limestone column test revealed that the limestone 
column appears to act as a sieve for our activated particles, i.e. at the 
top of the column (see Fig. 7), the "strainer" effect is more pronounced. 
Those particles that do not become absorbed or trapped in the first few 
inches appear to be filtered slightly by the remaining portion of the 
column, although less drastically. (Note: The top of the column refers 
to the position nearest the point where the activated kaolin was injected.) 
Using various approximations it was determined that nearly 90% of the 
injected activity was retained by the limestone column. 
Looking at Fig. 8 one clearly sees a difference in the effect on 
injected activity in the basalt column. Here the first six inches of 
the 24 inch column appear to retain some of the activated kaolin strongly 
and the other 18 inches hold cumulatively approximately the same amount of 
activity. In all, about 63% of the injected activity was retained. 
Comparing the two columns, Fig. 9, the limestone column appears to 
filter the injected activity through its entire length and the basalt 
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Fig. 9 Retention of Kaolin Particles in Mineral Columns 
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prepared under similar conditions, physical hindrance would account for 
only a small portion of the observed retention. 
There was a slight difference in the void volume of the columns. 
The limestone column had a void volumn of 33.2 m9, while the ba- 
salt had a 36.89 mR, void volume. This, of course, implies that the per-
meability of the columns differed and on the average the basalt probably 
had a larger pore size. If anything, this would imply less physical 
hindrance in basalt at the same flow rate and hence stronger surface 
interaction between the kaolin particles and the basalt surfaces. Other 
factors indicate overall less straining near the top of the column in 
limestone and a somewhat stronger sorption along the length of the column. 
Interpretation of sorption data on limestone is further complicated 
by another characteristic of limestone, which is, that upon agitation in 
contact with water, limestone will produce its own suspended particles 
that appear even after several washings. Therefore, it is found that if 
water containing activated particles is in contact with a limestone medium 
there would also be a constant evolution of small limestone particles 
(or fragments) filling in some of the pores within the limestone. This 
finding was supported by an actual experiment using severe agitation on a 
limestone column and noting that after a period of time the water flow 
through the column was nearly stopped; the suspended limestone not only 
seemed to trap activated particles but also decreased the flow rate through 
the column. (Note: A similar effect is not apparent in a basalt column 
but there is a film formed in the column, after a long period of time, that 
is evident only when reversing the flow of the water. This is discussed 
in the next section. 
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Further investigations are in progress to substantiate the above data. 
For instance, the effect of pH must be investigated to determine if the pH 
of the water varies significantly on passing through a column of material 
and if this significantly affects adsorption. Tests with rock-equilibrated 
water are also under way to provide better simulation of actual field condi-
tions. Other related tests are on the nature and surface conditions of 
crushed or ground bed materials. 
Improved material balances will be attempted, as well as a size 
distribution comparison of influent and effluent particulates to test the 
filter effect contribution. 
b. Studies on "Exudate Particles" in Basalt Columns. 
It was reported earlier that the experimental basalt columns developed 
an infestation of fine, brown particles over a long period of use. These 
particles were discovered when columns of several weeks' to months' age 
were back-washed with external agitation. They have never been observed 
to migrate all the way through the bed and to emerge in the effluent of 
the column. 
Although the exact nature and origin of these particles have not been 
identified, a good deal has been discovered about them during this quarter. 
First, they do not result from something added to the bed during the course 
of the experiment. Two jars containing about 100 g each of basalt were 
set aside. To one was added about 1 k of distilled deionized water; to 
the other was added a similar volume of 200 mg/R NaCk solution. In a 
matter of three weeks, each had developed enough extraneous particles to 
make the water opaque on stirring. (At the beginning of the test, both 
had been clear on stirring.) In a separate test, a column was packed 
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about 2/3 full of 30-40 mesh basalt and had distilled deionized water 
circulated through it periodically, about 2 ;6 over the course of three 
weeks. At the end of this period, agitation of the column showed the 
distinct presence of the brown suspended matter. 
Second, there are three types of particles present in the suspended 
matter. Scanning electron microscopy (SEM) and energy dispersive x-ray 
analysis (EDX) were performed by Pasat Research Associates, Inc. of 
Atlanta, Georgia. A typical SEM field is shown in Fig. 10a. 
Particles A and B are of similar size (% 15 pm), but particle B is 
clearly more rounded in shape. Particles C are smaller (2-5 pm) and of 
various shapes. The EDX spectra, Figs. 11-13, show that each is mainly a 
aluminum silicate, but they differ in their iron, calcium, sodium, and 
magnesium contents. Particles A and C, though compositionally similar, 
differ slightly, particle A showing more iron, and C more calcium. Parti-
cle B has sodium in place of magnesium, more calcium than either of the 
others, and very little iron. In comparison with previous Pasat EDX 
spectra for the basalt particles, Figs. 14-16, the difference in the promi-
nence of various lines makes it clear that the fine particles are not 
merely fracture products. (In all cases the copper line arises from the 
EDX system, and should be ignored.) 
Third, the particles are not algae or other organic matter. The 
electron micrographs, Fig. 10a,b, show that they have very sharp edges, not 
the smooth contours that are typical of organisms such as algae which 
might grow in a solution exposed to fluorescent light for long periods. 
Reaction with hydrogen peroxide showed no appreciable weight change in a 
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Fig. 10 Electron Micrographs of Brown Basaltic Particles 
23 
S i 











Fig. 11 EDX Spectrum from Particle A in SEM #01616 







Fig. 12 EDX Spectrum from Particle B in SEM #01616 
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Fig. 14 White Particle from Basalt Sample - SEM 01603 
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Fig. 15 Acicular Particles on Basalt in SEM 01604 
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Fig. 16 Basalt Particle Shown in SEM 01604 
Finally, the particles have a negative surface charge, which is 
common for minerals in water (2). This was determined by a rough floc-
culation test utilizing four molarities each of NaCZ, CaCk2, AZCZ 3 , and 
Na2SO4. It was found that the flocculating concentrations of NaCZ and 
Na2SO4 were similar, while CaC2,2 required less, and AkCQ 3 least. Thus, 
CZ and SO4 have similar flocculating power for the particles, while the 
+3 	+2 
power of cations is: At > Ca > Na . From the Schulze-Hardy Rule for 
flocculation of colloids (2), one may then conclude that the particles 
carry a negative charge. 
The above findings may be summarized as follows. The particles are 
mineral grains of some sort, apparently the products of basalt dissolution 
and reprecipitation, since they do not have basaltic composition and do 
not require the addition of kaolin to be formed. They are inorganic and 
are not simply iron oxide impurities such as might arise from the wearing 
of crushing and grinding media during sample preparation. 
A good deal is known of the diagenetic products of basalts and ba-
saltic sediments, especially from the Deep Sea Drilling Project (see Refs. 
3-9 on basalt diagenesis products). Comparison of these products with 
the results of mineralogical analysis of the particles (as by x-ray dif-
fraction) will make it possible to decide whether tests should be made 
with fresh beds or with beds containing considerable particulate matter. 
The presence of this material has noticeable effects on kaolin behavior, 
as will be seen below. 
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c. Effect of Column Orientation 
Test work in previous quarters had shown marked differences in the 
kaolin removal rates in otherwise comparable basalt columns when the flow 
was directed upwards, downwards or horizontally. To elucidate this effect 
further and to establish the reality of a directional effect, more definite 
attempts were made to exclude external effects and to use as nearly identi-
cal conditions in other respects as could be obtained. Specifically, the 
columns were packed on the same day (10/30/79) and run at the same flow 
rate (1.0 mk/min) with distilled and deionized water, in the same geometric 
orientation, simultaneously. Thus, the only known difference was the 
direction of flow through the bed. In each test, activated kaolin was 
injected into the columns, with one flowing downward and the other flowing 
upward. Fifty samples were then collected approximately every 15 minutes, 
weighed, dried and counted. The results are shown in Figs. 17 and 18. 
In each of the tests run, a greater percentage of the injected activity 
was recovered from the column flowing upward. However, despite this dif-
ference, there were many similarities between the columns. In each column 
of each test, approximately 95% of the total activity recovered had been 
collected in the first three cumulative void volumes, with the great bulk 
of the activity recovered by 1.5 cumulative void volumes. In the columns 
flowing downward, what might be labeled a "secondary peak" was found between 
about 5.5 and 7.5 cumulative void volumes. However, one might question 
referring to this as a "peak" since an average of only 0.8% of the injected 
activity was recovered in this interval. A similar phenomenon was found 
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Fig. 18 Effluent Particulate Concentrations Through Basalt Column - Upward Flow 
In this interval between four and seven cumulative void volumes, an 
average of 1.25% of the injected activity was recovered. Overall re-
coveries are presented in Table 3. As an added note, hydraulic conduc-
tivity tests taken during the quarter show a drop of about 20% in the 
hydraulic conductivity of each column. Thus, since the change was the 
same percentagewise in each column, hydraulic conductivity should not be 
considered a factor in explaining the results. 
A discussion on possible theoretical grounds for directional varia-
tions in particulate removal, by B. G. Wahlig is presented in Appendix A. 
TABLE 3. Directional Effects on Kaolin 
Throughput in Basalt Columns 
Flow Direction 	% Injected Activity Recovered 
TEST A IN = 1.5 VV IN = 3.0 VV Total 
Column 1 Down 30.2% 30.8% 31.9% 
Column 2 Up 51.0% 53.0% 56.1% 
TEST B 
Column 1 Up 58.5% 60.5% 63.6% 
Column 2 Down 44.8% 46.4% 50.4% 
TEST C 
Column 1 Down 30.5% 31.1% 31.6% 
Column 2 Up 42.3% 44.9% 46.0% 
Flow Rate = 1.0 mt 
Column 1 void volume (VV) = 33.784 mk 
Column 2 void volume (VV) = 34.908 mi 
34 
C. Effect of Column Aging on Particle Behavior  
The growth of secondary particles in the basalt columns on long 
standing was discussed above. If, as hypothesized there, the particles 
are reaction products of the following solution and the rock surfaces, 
then the aging of the column alters the situation not only by producing 
these particles but by changing the remaining rock surface. Evidence on 
the nature of these effects was accumulated during this quarter. 
In earlier reports, the data gathered so far on the effect of salt 
concentration on particle behavior were discussed. At low concentrations, 
only one activity peak appeared in the effluent, while at higher concen-
trations low, broad secondary peaks were observed. The same two columns 
were used for all these tests. 
Due to mechanical failure of one of the columns, it was replaced 
with a new column packed with basalt crushed in the same way as before, 
but not previously exposed to water. The contrast in their behaviors was 
striking. Figure 19 shows the elution profile from the old and new columns 
in one test at 200 mg/9 NaCi. Similar behavior was observed in another 
trial. In both trials for both columns, the 1-void volume peak contained 
3-5% of the injected activity. For the new column, the secondary peak 
reached its maximum near 5 void volumes and contained 85% of the injected 
activity, in both trials. For the aged column, the secondary peak started 
much later, peaked near 20 void volumes, and had contained at least 60% 
of the injected activity when the test was ended. Something about the 
aged column clearly retarded the passage of the kaolin. 
To see whether this difference was due to the secondary particles, the 
basalt was removed from the aged column and washed until no more particles 
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Fig. 19 Comparison of Old and New Columns (200 mg/Z NaCk) 
were visible in the wash water. It was then repacked, and the previous 
test repeated. Meanwhile, the new column was aged by the passage of 
' 8 2, of 200 mg/t, NaCt solution over a period of about 3 weeks. The 
results of one of the three subsequent tests are shown in Fig. 20; 
the others were similar. 
The washed old column and the aged new column showed greater simi-
larity in their behavior than they had previously. The locations of the 
secondary peaks have moved closer together: for the new column, the peak 
went from 5 to 7 void volumes and from 85% to 69% of injected activity; 
for the old column the peak went from 20 to 13 void volumes and from 
> 60% to 62% of injected activity. It is clear that the presence or 
absence of particulate matter has a strong effect on the migration of 
the kaolin. The pattern of replicate tests has been that the positions  
of the peaks are relatively static, but their sizes may vary over a factor 
of 2.5-3. In each case the sizes of the peaks in the two columns are 
identical within a given test, but will not necessarily be the same as in 
previous or subsequent tests. These columns have aged an additional 4-6 
weeks and have been retained for additional tests in the coming quarter. 
These variations reinforce the conclusion reached earlier that it is 
of vital importance to ascertain as soon as possible whether the products 
introduced into the columns with aging are similar to those which might 
be anticipated in the field. A judgment should be reached on this point 
in the next few weeks. 
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Fig. 20 Comparison of Washed Old and Treated New Columns (200 mg/t NaC2) 
D. Sources of Particulate Carriers  
Some enquiries have been made regarding the nature of suspended mate-
rials to be anticipated in deep waters. So far these enquiries have been 
inconclusive. 
Through the kind offices of Dr. Graham Fogg it is hoped to obtain 
some water samples from a deep Texas aquifer. 
Regarding removal of glass matrix materials, there have been some 
reports from Karlruhe describing glassy matrices resulting in the forma-
tion of colloidal silicates on extended leaching of vitreous samples. 
Scheffler et al. (10) reported that > 99% of the Am and Cm and more than 
90% of Pu leached from two borosilicate glass matrices are attached to 
fine particles. These particles are high polymer silicates, mostly 
larger than 0.003 pm, with an average size rk , 0.01 pm. The particles ap-
parently arise from the alteration of ' 1 p of the glass surface; at 
some point the altered film burst in a given region, giving rise to 
these many small particles. The film mechanism was postulated from scan-
ning electron microscopy. 
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Note on Directional Effects on Particle Motion 
B. G. Wahlig 
Directional effects on particle behavior in small tubes have been 
observed elsewhere. Segre and Silberberg (11) examined rigid spherical 
particles in laminar flow in a small (5 mm) tube. Their particles were 





). They observed that neutrally buoyant particles were 
distributed non-uniformly across the tube section, with greatest density 
near 0.6 of the tube radius from its axis. Because of their size, these 
particles were not subject to Brownian motion or agglomeration effects. 
In cases where gravity is important, however, Jeffrey and Pearson (12) 
showed significant directional effects. They first confirmed the above 
observation for neutrally buoyant particles in their system (D ti 1/16 D t
). 
They then tested the vertical movement of buoyant and heavy particles, 
in up and down flow, respectively. When buoyancy and flow direction 
coincided (up for buoyant particles, down for heavy particles), 
the spheres moved toward the tube wall. Conversely, when buoyancy and 
direction were opposed (down flow for buoyant particles, up flow for 
heavy particles), the spheres moved toward the tube axis. In all cases, 
the final position of the spheres was independent of their radial position 
of release. As above, the particles were too large to experience Brownian 
or agglomeration effects. 
If these results applied to the movement of kaolin particles (p > 1) 
in packed basalt columns, the expectation would be that the kaolin would 
be nearer the pore walls in down flow than in upward flow. Two effects 
would then differentiate their behavior: 1) Hydrodynamics. Since the 
velocity profile in laminar flow is parabolic, particles nearer the pore 
walls will be in slower streamlines and will therefore traverse the bed 
more slowly than those whose average position is nearer the center. 2) 
Adsorption effects. Particles which are forced closer to the pore walls 
will experience greater van der Waals attraction from the bed grains than 
those nearer the center of the pore. These two effects are additive and, 
therefore, predict that kaolin particles will flow upward faster than down-
ward when the migrating fluid speed is the same in both cases. 
While it is true that the pores in a packed bed are not straight 
tubes, theoretical treatments (13,14) have modeled packed bed pores as 
straight capillaries between short mixing sections. They have success-
fully accounted for the behavior of micron and submicron particles in 
packed beds. The calculations have led to development of hydrodynamic 
(15,16,17) chromatography, in which the difference between the velocity 
profiles experiences by larger and smaller fine particles has been used 
to achieve size separation. (The smaller particles can fit closer to the 
walls, where they experience slower flow than is possible for the larger 
particles. Thus, larger particles travel faster than smaller ones.) 
Packed beds have also been used for potential barrier chromatography (13), 
in which the van der Waals and double layer effects are balanced to further 
enhance the size separation. If this extrapolation from capillaries to 
beds was successful, the above extrapolation may also hold. 
No reference has been made in the chromatography theories and experi-
ments to directional effects, but when combined with the radial position 
and experiments referred to above, they make a clear picture of the ob-
servations in the kaolin-basalt experiments. In downward flow, the 
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shear forces experienced by the kaolin particles force them toward the 
pore walls. Here they are delayed by both hydrodynamic and van der Waals 
effects. They would then be expected to move more slowly than in the up-
ward flow case, in which the particles are forced toward the pore centers. 
In both cases, Brownian effects (within one pore) and impingement effects 
(when moving between pores) will briefly force some particles even closer 
to the bed grains where they will be further delayed. The chances of 
these attractions will obviously be greater, however, when (as in downward 
flow) the particles spend more of their time nearer the grains. 
In summary, then, theory and other experience predict that more parti-
cles will penetrate the bed in upward flow than in downward flow, which 
is precisely the observation in the current experient. Furthermore, since 
much of the effect is hydrodynamic, it should also be observed in beds in 
which the grains have less tendency to interact with the particles. Tests 
will be conducted in the coming quarter using sand in place of basalt in 
the attempt to duplicate the directional effect in a less reactive bed. 
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MOBILITY OF RADIOACTIVE WASTE MATERIALS IN 
SUBSURFACE MIGRATION BY PARTICULATE TRANSPORT 
Draft Quarterly Progress Report, Period January 1, 1980 - March 31, 1980 
INTRODUCTION 
As part of a larger study on the environmental impact and the 
licensability of proposed respositories for high-level radioactive wastes 
in deep geologic media, the current investigation has been conducted with 
emphasis on the contribution of particulate transport to the potential 
migration of leached waste products through subsurface aquifers. The 
general background to this work has been presented in previous progress 
reports; for this reason this report will deal only with work done during 
the past quarter. The work has been conducted in parallel with a related 
study sponsored by Battelle Northwest and the results of both 
investigations will be presented here jointly. 
The project attempts to answer two questions of regulatory interest: 
1) What is the probability that particulates act as long-range carriers for 
radioactive waste products for a given design-base incident scenario?; and 
2) What is the expected range and migration velocity of waste carried by a 
particulate vector through any postulated aquifer, and hence the 
contribution of this pathway to the estimated population dose? 
The first question can only be answered in a qualitative fashion, so 
far; the second question has received the greater attention in this project 
as it involves the more innovative aspect of the investigation, while there 
is plenty of information on the sorption isotherms of dissolved waste ions 
under various conditions of water pH, hardness and temperature. In order 
to predict the probability of uptake on particulates one requires 
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information on the nature and concentration of the suspensoids, which will 
depend on the site characteristics and the particular waste degradation 
mechanism envisaged. 
For the present purpose, we may consider two types of emplacement: 
rock, e.g. basalt or granite, cavities and bedded salt formations. Table 1 
lists some of the adsorption options that may have to be taken into ac-
count. 
Opinions seem to vary on clay particles densities to be expected. On 
the other hand since leaching is likely to be a slow process, possibly 
diffusion controlled, only the relative surface areas, suspensoid versus 
local exposed rock surfaces, would be of significance. Tests are under way 
to measure partition ratios for dissolved tracers between various combina-
tions of suspensoids and rock areas. 
Previous work has established the reality of the particulate vector 
as a migration pathway and additional evidence for the occurrence of suit-
able vectors keeps turning up for the different repository types under 
review at this time. For this reason the present project is expected to 
make a useful contribution to the evaluation of the relative significance 
of the various postulated pathways. 
OBJECTIVES OF THE PROJECT 
The principal objective of this work is to observe migration rates and 
mobilization processes of selected radioactive waste ions under conditions 
that simulate expected conditions in the vicinity of waste repositories 
and to determine retardation coefficients and partition factors in order 
to permit prediction of the contribution this pathway may make to the long-
term environmental impact of any high-level waste repository. There are 
two major processes involved: 
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Table 1 
Waste Sorption Scenarios for Particulate Carriers 
Rock (Basalt or granite) 	 Salt 
Particulate 	 Clay entrained in intruding water 
sources 	 Glass matrix spallation products 
Actinide colloids (spent fuel waste only) 
Secondary Minerals 	 Canister corrosion 
Bentonite backfill products 
Decrepitation products from 	Claytype overpack 
mined surface 
Water quality Rock-equilibrated: Host 	Saline water, high 
(near field) 	rock low sorption site coagulation rate 
density 	 of colloids 
Low sorption on 
particulates in 
near field 
Far field 	Migration through fissures 	Diminishing salinity, 
conditions in adjoining rock and residual partic- 





a) Determination of adsorption and desorption rates of dissolved 
waste components interacting with suspended colloids and 
particulates representative of those assumed to exist in deep 
aquifers; and 
b) Measurements on the motion and retardation of such particulates 
in passing through model aquifers composed of bed materials 
representative of anticipated site locations. 
The present phase of the work has dealt with generic studies, prior to 
work with site-specific rock and water media that can only be done after 
candidate repository sites have been designated. 
REVIEW OF EXPERIMENTAL WORK 
As in previous quarters, the work can be divided into the following 
major areas: 
1. Adsorption of dissolved trace ions on suspended particles and 
aggregates; 
2. Transport conditions of labeled suspended particulates through 
crushed-rock columns; and 
3. Characterization of the physical and chemical properties of the 
particulates, bed materials and waters used in the various 
tests. 
It may be assumed that the adsorption-desorption processes do not 
depend on the (slow) motion of the particles and, also, that the rock-
particle interactions are not significantly affected by the presence of 
any adsorbed trace ion on the particle surface. For this reason, adsorp-
tion tests with radioactive tracers can be conducted almost independently 
of tracer tests on particle movement in a long column, and this has resul-
ted in designing the project plan along two parallel lines. 
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Two major variables must be taken into account in such test work. One 
is the nature and composition of the water, that is, whether deaerated, 
partially oxygenated or carbonated, and whether "pure," saline or con-
ditioned by lengthy exposure to rock surfaces. The other is the condition 
of the bed matrix surfaces; they can consist of freshly fractured parti-
cles, oxidized surfaces or surfaces modified by diagenesis. There seems to 
be no clear consensus on what one may reasonably expect at great depth, and 
the present project was planned to progress from "fresh" surfaces and pure 
deaerated water to increasingly weathered material and various gas con-
tents to determine the importance of these factors in the present context. 
The experimental work has been concerned principally with a study of 
the movement of clay particulates through vertical columns, simulating 
extended mineral fractures, under a variety of flow conditions, water 
quality conditions and bed materials, and with investigations on the 
mechanisms of uptake and loss of waste tracer ions and of the interface 
interactions that cause retardation of particulate migration. 
The factors governing uptake on and desorption from suspended par-
ticulates have also been investigated and the consistency of these 
measurements has improved with various modifications in experimental pro-
cedures. Work is also underway to study competition for dissolved tracers 
in three-component, i.e. water, rock, and particulate systems. 
Of the various host rocks used for bed column construction, basalt, 
limestone, and sand, basalt presented a major problem arising from an iron-
rich decrepitation product which added another type of suspended material 
to the flow system. The oolitic limestone used also exhibited severe 
decrepitation, making it difficult to maintain constant water quality. 
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For this reason, measurements on sand beds may be considered as the ref-
erence condition. 
The general objective during the current phase is to obtain more 
quantitative data on adsorption, retardation, and partitioning processes 
for representative minerals; it is expected that more site-specific sam-
ples will become available in 1981 which would permit a better predictive 
situation for this migration pathway. 
During the past quarter substantial strides have been made towards 
that objective. Column tests have clarified the relative significance of 
the various hindrance and sorption mechanisms and some preliminary retar-
dation coefficients are being obtained, subject mainly to an improved 
method of determining mineral surface areas. An ethylene glycol system is 
being set up for this purpose and was expected to be ready before now. 
Details on the measurements and results will be presented in the following 
sections. 
The characteristics of the materials used have been described in the 
Annual Progress Report, dated September 1979, and will not be repeated here 
unless needed. Similarly, details on most experimental procedures can be 
found in that report. For brevity only the salient features will be 
included in this report. 
Sorption Tests  
Although there are plenty of data in the literature and in other ONWI 
Progress Reports on adsorption processes and Kd values for adsorption of 
dissolved radiotracers on various rocks, those results are often not di-
rectly applicable under the conditions in this prodess because they are 
usually obtained at very high or low pH values or under conditions not 
applicable to those related to adsorption of suspended clay particles 
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envisaged in the project scenario. 
For this reason, tests have been conducted on the adsorption on sus-
pended clay particles in a progression of water conditions from "pure" 
deionized and deaerated, to rock-equilibrated, to equilibrated and in the 
presence of host rock samples, and the same for saline waters. This series 
of tests is only partially completed at this time; some preliminary results 
will be presented here now. Results on cesium adsorption have been re-
ported earlier; some additional ones are reported below. 
a. Technetium sorption  
At the beginning of the quarter, the plan was to concentrate on the 
absorption of Tc-95m on various materials under varying conditions. The 
following parameters were to be considered: 
1. Absorption of Tc-95m on as many materials as possible (shale, 
basalt, limestone, kaolin, vermiculite, sand, glass). 
2. Absorption of Tc-95m on above materials under varying pH con-
ditions (pH = 4-10), using NaOH and HC1 to adjust pH. 
3. Absorption of Tc-95m on above materials under varying pH con-
ditions using carbonate to modify pH. 
4. Absorption of Tc-95m on above materials under varying NaC1 
(salt) concentrations. 
Although most of the above work was to be done with the absorbing 
particles in suspension, initial tests have used coarser particles to 
establish the accuracy of our batch methods and to establish a base of data 
from which to compare future results. 
Test #1. Absorption of Tc-95m on various bed materials. The following 
materials were used: Shale, basalt, limestone and sand, all 25-40 mesh 
size. Table 2 presents some of the results. 
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Table 2. Tc Adsorption on Coarse Rock in Equilibrated Water 




% uptake Kd 
Shale #1 4.9-5.0 4.8-4.9 7617 3816 49.9% 1.0 
Shale #2 4.9-5.0 4.8-4.9 7693 4254 44.7 0.81 
Basalt #1 4.9-5.0 4.9-5.0 7800 4190 46.3 0.86 
Basalt #2 4.9-5.0 4.9-5.0 7392 3623 51.0 1.0 
Limestone #1 4.9-5.0 4.5-4.6 7174 3845 46.4 0.87 
Limestone #2 4.9-5.0 4.5-4.6 7426 3141 57.7 1.4 
Sand #1 4.9-5.0 4.9-5.0 7843 3795 51.6 1.1 
Sand #2 4.9-5.0 4.9-5.0 7490 3759 49.8 0.99 
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Test #2: Effect of NaC1 concentration on Tc-95m absorption. An extensive 
series of measurements were obtained for the same rock materials at five 
salt concentration values. The uptake results turned out highly erratic 
with an apparent increase in solution activity in some cases. For this 
reason, a revised test procedure was adopted. 
Revised test procedure: 
1. Add desired quantity of tracer to empty sample tube and count in 
well counter. 
2. Add rock, H20, NaC1, etc. and equilibrate. 
3. Remove one-half of liquid volume from original sample tube 
(after centrifugation of particles are in suspension) and place 
in another sample tube. 
4. Count both tubes. 
5. Remove all liquid and rock from original tube. 
6. Count original tube. 
7. Then obtain activity balance: 
Counts on rock = (II liquid + rock + tube) - tube - 1/2, liquid 
This method has the following advantages: 
1. Activity on rock is counted directly (not obtained by ex-
trapolation from activity depletion in H 2O as before). 
2. Activity can be accounted for throughout the entire test. 
b. Cesium sorption 
To determine the accuracy of the revised method, several tests were done 
with a Cs-137 tracer to check that complete material balance is obtained. As 
Table 3 and 4 show, all activity could be accounted for both in a basalt 
sorption test and for Cs sorption on kaolin. 
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Table 3. Cs Adsorption on Basalt: Improved Procedure 
Test 	Wt. of 	Tracer Count 1/2 H2
0+ 	H2
0+ 	Tube+Rock Activ. 
Basalt tracer tracer+ acctd. 
g 	 cpm 	 rock 	 for 
1B 0.0059 409281 140374• 246466 106092 94.5% 
2B 0.0109 384439 154511 235413 80902 101 % 
3B 0.0159 403886 166681 232077 65396 98.7% 
4B 0.0259 355455 157406 195427 38021 99.3% 
All counts , were corrected for geometry. As Table 2 shows, practically all 
the activity was accounted for. 
Table 4. Cs-137 Absorption on Fine Kaolin Particles in Suspension 
Test Wt. Kaolin Net Tracer Counts Tracer + z Rock + 	HIO 
(mg) H2O + Tracer + tube 
K1 4.35 12 	17293 10814 5465 
K3 4.35 102 160610 59137 101749 
K4 4.35 152 	149948 54386 91381 
Test Rock + Tube Tube Rock % Uptake % Activity 
Kl 5349 2637 2712 14.6% 94.1% 
K3 50612 2132.0 29292 18.2 98.9 
K4 36995 16884 20111 13.4 97.2 
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Although there was good agreement in the results of the tests, the results 
indicated that the tracer concentration was too high for the mass of kaolin 
employed and the absorption sites were saturated. However, the fraction of 
activity recovered indicates the accuracy of the test. 
It is expected to obtain a substantially more accurate determination 
of sorption coefficients on particulates during current work in the spring 
quarter. 
c. Neptunium sorption 
By y-spectroscopic analysis it was established that the remaining Pu-
237 tracer sample had decayed almost completely to Np-237 and the residual 
solution was employed as neptunium stock tracer. Again, the revised proce-
dure was employed whereby up to 99.9% of the activity can be accounted for. 
The procedure used gave consistent results and allowed for the actual 
uptake on the minerals being tested instead of only the depletion of 
activity in the liquids. 
In an adsorption experiment of Np-237 on 25-40 mesh basalt, five 
different amounts of basalt were tested. The Np-237 in an acidic solution 
(pH '1,2.05) was diluted with distilled, deionized water for each test. It was 
found that an almost constant amount of tracer was removed from the solution 
regardless of mineral amount added. 
These results are best explained by assuming that, at the higher pH of 
the basalt-equilibrated water, a nearly constant proportion of the nep-
tunium precipitates from the solution, regardless of the actual amount of 
mineral present. The test was repeated with 250X of acidified Np solution 
and 19 ml of water with very similar results, with a slightly higher loss 
of activity by precipitation at all but the lowest mineral additions. 
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To test the proportion of anionic Np complexes present in solution, 
sorption tests were done with anion and cation resins in suspension. 
Starting at pH 2.6 and adding 0.5 g IX resin of either type to 15 ml of Np 
solution showed a tracer of ti 42% with both resins, suggesting the presence 
of both Np-IV and Np-II in comparable proportions. In contrast, in a 
similar test at pH 9.5 most of the Np in contact with cation resin was 
removed, and about 70% of Np in contact with anion resin. 
d. Plutonium sorption  
The adsorption at Pu-237 on particles in suspension in deionized, 
deaerated water was also determined using the revised procedure. 100X of 
Pu-237 solution, 1.33 uCi/ml, was added to 15 ml of solution. Table 5 
lists the results. 
Table 5. Pu-237 Adsorption on Suspended Minerals 
Mineral 	 Concentration 	 pH 	 Kd (ml/g) 
(mg/ml) 
Vermiculite 	 51.03 	 7.32 	 1985 
Shale 	 62.27 2.92 751 
Kaolin 82.2 	 3.12 	 8319 
The measurements are being extended to cover a range of controlled pH 
values. 
Column Tests  
The principal measurements during the quarter were directed towards 
the determination of migration and retardation factors as they affect the 
movement of suspended kaolin particles through simulated mineral beds. In 
view of the complications arising from the generation of fine particulates 
by basalt and oolitic limestone materials themselves, tests were run on 
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sand columns for comparison. Attempts were also made to separate the 
effects of the suspended decrepitation products in limestone and basalt by 
comparing upward and downward flow conditions. Suspensions of these mate-
rials are being prepared; in the case of basalt, electron microscopic 
analyses have shown them to be a mixture of clay and hematitic particles. 
Sand Columns  
Washed and screened sand was packed into several columns which were 
used for tests on flow direction and for observations on retardation and 
coagulation effects. The size distribution of the sand was as follows: 
Mesh 	% weight  





In current tests the finest fraction is being removed. The washed and 
dried sand is added through a column of water to the test column, to remove 
air bubbles, and consolidated by means of a vibrator. The packed columns 
are then flushed with 80 void volumes of deionized water before starting 
the tests. 
Test solutions included distilled , deionized water , with a resis-
tivity of % 18 megohm/cm, and deoxygenated CaC1
2 
solution, prepared by 
nitrogen bubbling at 30 ml/min. The residual dissolved oxygen at the 
bottom of the treatment column was found to be about 0.5 ppm. 
a. Flow direction tests 
Test conditions: 	Distilled, deionized water flow rate: 
1 ml/min activated kaolin suspension 
1 '1 
Test No. 1: 	 Column 1, upward flow, pH 5.54 
Column 2, downward flow, pH 5.87 
Water temperature 19.5 °C 
Test No. 2: 	 Column 1, downWard flow, pH 5.63 
Column 2, upward flow, pH 5.97 
Water temperature 20 °C 
The results of the two tests are shown in Figs. 1 and 2. In both 
tests, tracer recovery was slightly faster for Column 1 than Column 2, 
reflecting slight differences in permeability. However, total recovery of 
kaolin suspension was the same for both columns and evidently there was no 
effect from flow direction. 
b. CaC12 tests 
Since the role of dissolved ions is believed to be crucial in deter-
mining interaction effects, both by affecting coagulation of suspended 
particles and by modifying the surface interaction between suspended par-
ticles and rock surfaces, a series of tests were conducted, in duplicate, 
on CaCl
2 
solutions over a range of concentrations that straddled the crit-
ical coagulation concentration (CCC). Figures 3 - 8 show the test results 
for CaCl
2 
concentrations of 75, 500 and 5000 mg/l. In each case there was 
a substantial surge, containing most of the injected material, that passed 
with the water flow. A smaller fraction of the particles was retarded with 
a retardation coefficient that increased with CaCl
2 
concentration. The 
fluctuations in the later portions of Figs. 4-6 arise from counting statis-
tics. As Figs. 7 and 8 show, total recovery of kaolin particles diminishes 
at higher CaCl
2 
strength, presumably because of coagulation of kaolin par-
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Fig. 8 Cumulative Recovery of Kaolin in 500 mg/1 CaC1 2 .2H20 Solution (Deoxygenated) 
Limestone and Basalt Tests  
In the preceding quarter, a comparison was made between limestone and 
basalt that were previously aged in deionized water. (Note: Columns that 
had deionized water run through them for a period of greater than two weeks 
before a test will be referred to as "aged" columns.) This comparison 
revealed that when aged under similar conditions, limestone appeared to 
retain a greater percentage of suspendable kaolin particles than basalt. 
However, several other factors were involved that complicated this study. 
For instance, the effect of the secondary minerals formed on the surface of 
basalt in contact with water is not clearly understood nor the long-term 
effect of the friability of the oolitic limestone. However, recent tests 
have given some indication of the possible effects of the aging of these 
column materials in deionized water. 
Experiments were run this quarter that involved the injection of 
small amounts of activated kaolin into "new" (i.e. column material that had 
not been in contact with water for longer than 16 hours before the experi-
ment) basalt and limestone filled columns. The plot of the data obtained 
in this experiment revealed that there are two distinct mechanisms at work 
in the new column materials. Figure 9 shows the results as obtained by 
counting the retained activity for each inch of column length. Figure 10 
shows how each curve can be analyzed into the contributions of two 
• 
exponential removal effects: the top portion is attributed to filtration 
or physical hindrance of larger-size particulates, the lower lower effect 
to surface adhesion of the kaolin particles to the bed material. (The 
bulge near the bottom of the column is ascribed to end effects and is being 
investigated at present.) The different slope of the filtration line is 
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Retention of Kaolin Particles in Columns 
of "fresh" Basalt and Limestone 
elucidate this point by operating columns with larger pore sizes but 
comparable surface area. 
The long lower portion of the removal plot is of primary interest. 
This represents the main removal and retardation mechanism acting on the 
suspended particles. Work is under way to determine the retention coeffi-
cient quantitatively. This will be done as soon as reliable data are ob-
tained on bed mineral surface areas using the ethylene glycol method. 
Using a visual best fit to the curves, Fig. 10 shows that retention on 
both limestone and basalt was comparable with a half-value attenuation 
length of the order of 51/2 inches. 
In order to determine the retention coefficients, the following in-
formation is needed: 
1) The surface area exposed by the bed material in the column. 
2) The approximate number of particles injected. 
3) Some correlation of data that would allow comparisons between 
uniform column samples to determine the percent of injected kao-
lin retained. 
Correlated data needed for comparisons between uniform column samples have 
been obtained for the following materials and conditions: 
1) Limestone (aged no air) 
2) Limestone (new, no air) 
3) Basalt (aged, no air) 
4) Basalt (new, no air) 
However, at this point the surface area exposed by these bed materials is 
not yet known but will be easily determined as soon as we have perfected 
the ethylene-glycol experimental procedure that will be used for this 
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Fig. 10 Kaolin Retention in Limestone and Basalt Columns 
Separation of Filtration and Adsorption Processes 
dependent upon the procedure used to make the samples of kaolin and thus 
would require a specific determination for every sample used. Typical 
concentrations for activated samples have been of the order of 6 x 10 12 
particles per cm3 of solution. This has been of little importance in the 
various past comparison tests. 
To establish the importance of deaeration of the influent, a series of 
tests were run on basalt to compare the effect of using deionized water 
with and without deaeration. The results are plotted in Fig. 11 and seem 
to show little, if any, effect on kaolin retention from any small concen-
trations of air. However, it should be noted that the column system must 
be tight enough to avoid air entrainment during tests, which could impede 
steady flow through the columns. 
Since the ageing of the bed materials appeared to be significant in 
relation to the retention of the suspended particles, beds were prepared 
with "new" and "aged" basalt and limestone. Figures 12 and 13 show the 
results obtained and some visual fitted lines for easier comparison of the 
slopes. Flow rates were 1 ml/min. throughout. It is evident that there 
were substantial differences. In both cases, filtration predominated to a 
greater depth for the aged columns though at a lower rate, suggesting some 
pore enlargement on aging. However, adsorptive removal differs for the two 
cases. There was less adsorption on aged than on new basalt, whereas with 
limestone the new material showed higher adsorption effects. These dif-
ferences may be ascribed to the presence of "crud" in the aged basalt 
interfering with particle adsorption. More definitive experiments on 
these crucial tests are underway. 
Whether or not the number of particles injected is actually important 
is not known since we work with very low concentrations of kaolin and by no 
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means "saturate" the surface areas exposed to these suspended particles. 
The process involved is thus believed to be a statistical mechanism depen-
dent upon the size distribution of the kaolin and the characteristics of 
the particular bed material. 
As a means of comparison, these filtering and adsorption coefficients 
will be estimated using several approximations. From viewing several 
particles under a microscope, the average geometrical shape of the 40-50 
mesh basalt particles used was estimated to be a parallelepiped while the 
limestone appears to be in the shape of a cube. Using these geometries, 
the estimated surface area exposed per gram was calculated. Also, a 
further approximation is that the inherent experimental error will not 
greatly affect a good comparison between these materials. The fundamental 
assumption made in this determination is that the number of particles of 
kaolin retained for a certain amount of surface area is dependent upon the 
number of injected particles remaining after passing that point. 
We are actually seeking two major coefficients to describe our re-
sults. In the lower section of the column, say after the first five inches 
of the column material, it is believed that the only phenomena of interest 
here would be the actual adsorption of particles since there is a definite 
discontinuity shown in the effects taking place at the top of the column 
and the lower portions (see Fig. 11). Next, using the data found by the 
adsorption points, the points of interest at the top of the column will be 
corrected for adsorption and thus, this will allow the calculation of what 
will be referred to as the "removal" coefficient. Therefore, in actuality 
the data shown graphically for each material in Fig. 11 represent the 
superposition of two straight lines on semi-log paper and gives an 
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indication of the trends of these coefficients. In each case, the values 
obtained for these coefficients are to be taken, at this point, only as a 
means of comparison since approximations were used in these 
determinations. Also, irregularities noted toward the bottom of each 
column are attributed to some physical phenomena caused partly by column 
design and the actual number of points used in these determinations will be 
limited. The number of particles in solution along the column can be 
described by a formula of the form 
N = N e
- 1-1 x a- Ax 
0 
where u is the filtration coefficient, a function mainly of pore size. 




is the initial concentration of suspended particles of a 
given size distribution. 
Table 6 summarizes the preliminary results obtained for the materials 
and conditions previously mentioned and comparisons will be made using the 
coefficients generated from these tests and assuming, for the moment, 
regular bed particles. 
Looking at the results for the "new" materials shown in Table 6, 
except for the filtration effect causing removal of injected kaolin in the 
first inch of the limestone column, the removal coefficients for basalt and 
limestone are of the same order of magnitude. The removal of injected 
kaolin in the first inch of the limestone column is assumed to be due to 
the presence of small limestone particles created at the top of the column 
due to the initial agitation caused by the flowing of water through the 
column. It is believed that the comparable removal coefficient can be 
calculated from the remaining significant points. 
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Table 6 
Preliminary Removal Coefficients for Column Experiments 


















Est. No. of 
Particles N
o 
Basalt new 0.152 parallopiped 0.31 11.9 101.4 96.17 1 x 10 13 
358.5 p wide (10.4 normalized) 
4 	p long 
Basalt aged 0.141 ..... 63 56.7 9 x 1012 
Limestone new 0.0682 cube 
358.5 	p 0.18 8.6 54.9 56.2 9 x 10
12 
Limestone aged 0.069 0.56 25 89.7 97.7 1.4 x 101 3 
The limestone and basalt adsorption coefficients, unlike the filtra-
tion coefficients, appear to differ by almost a factor of 2. The limestone 
had an adsorption coefficient of only -0.18 (m 2 ) while basalt has a value 
of -0.31 (m 2 ). The significance of this phenomenon will be further tested 
using larger-sized bed particles in order to get good statistics on this 
process. These calculations should be representative of a trend to be 
expected in further experiments on "new" limestone and basalt of a larger 
mesh size. 
The effect of the presence of the brown "film" material that forms on 
the surface of basalt in contact with water has been of interest because of 
its possible effects on the long-term adsorption characteristics of ba-
salt. In Fig. 13 a plot was shown of data collected for "aged" and "new" 
basalt. One can readily note that a "new" basalt column retains a greater 
percentage of injected suspendable kaolin particles than an "aged" column. 
Also, there appear to be other mechanisms present in the "aged" column that 
affect the removal and adsorption characteristics of the material. This 
was to be expected. Due to the fact that more injected kaolin was retained 
in the "new" column as compared to the "aged", one can surmise that the 
sloughed off secondary minerals may either act as a mechanism preventing 
adsorption of the kaolin particles onto the basalt or may act as a carrier. 
When enough of this brown secondary material has been generated and 
collected, a simple adsorption test will answer this question. If that 
material can act as a carrier, this, of course, would mean that any 
absorbed activity onto "new" basalt might ultimately be carried away by 
fresh carrier material formed on the surface. Thus, any adsorption onto 
the surface of basalt rock would only be a delaying effect before the 
eventual release of the absorbed material back into suspension to travel 
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further, until it is trapped by some other mechanism or adsorbed onto 
another more stable surface of some other type of rock or mineral. 
To check this point work is under way to prepare a suspension 'of 
secondary basalt minerals, to test its characteristics as a tracer 
adsorber and as a vector medium. 
Similar problems arise from the friability of the oolitic limestone 
used. Tests are planned on the suspended limestone material and alterna-
tive limestone samples of a firmer structure are sought for comparative 
tests. Such tests are a central part of work planned for the spring 
quarter. 
Effect of Deoxygenation on Particle Retention  
During this quarter, the first column runs with oxygen—depleted water 
were conducted. The solution to be used was depleted of oxygen by sparging 
it with bottled nitrogen (about 5 ppm oxygen) in a Plexiglass column about 
1.5 m high. 	The solution was maintained at a constant level in the 
sparging column by providing feed from an adjacent reservoir. The volume 
of the sparging column is about 1.5 1, so during a normal test series in 
which at most 4 ml/min. are used, the average residence time of solution in 
the sparging column would be about 7 hours. Sparging was continuous and 
was begun several days before a column flow test was conducted. 
Results  
During the quarter, the first activated kaolin runs in a basalt 
column, using a CaC1 2 migrating solution, were conducted. They were 
carried out in parallel, with half using solutions in eqdibrium with the 
atmosphere, and half using solutions depleted in oxygen by the method 
described above. In general, oxygen depletion was found to have no 
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observable effect. 
Aliquots of kaolin stock suspension were prepared and activated as 
explained in previous reports. The test columns were equilibrated with the 
migrating solutions for at least one week prior to the tests. CaC1
2 
concentrations were chosen above and below the critical coagulation con- 
centration (CCC), which was found to be ti 1 x 10 -3 M for Ca
+2 
 ions. The 
results are summarized in Table 7. 
The variation between ambient and oxygen-depleted conditions is con-
sidered to be within experimental error, which was found to be about 0.5% 
for replicate runs. 
From particle mechanics considerations alone, this result is not sur-
prising. As discussed below under Particle Mechanics Theory, the compet-
ing forces on the migrating particles are governed primarily by the par-
ticle's surface charge (which results from internal lattice substitutions) 
and by its mass. Neither of these is expected to be affected by the degree 
of oxygen saturation of the water, and therefore no effect on particle 
migration is anticipated. 
(The degree of oxygen saturation of the migrating solution is expec-
ted to have a major effect on the sorption of radionuclides on the fine 
particles, especially where precipitation or specific reactions play a 
major role. This is a distinct consideration, however, and is not included 
in these particular tests.) 
BASIC STUDIES ON RETENTION MECHANISMS 
Effect of Cation Valence on Particle Behavior  
The Schulze-Hardy rule predicts that the coagulation behavior of fine 
particles will be strongly affected by the valence of the ion in the 
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Table 7. Effect of Oxygen Depletion on Kaolin Behavior in Basalt 
CaC1
2 	 Oxygen 
	 % of Injected 
Concentration 	 Depletion Tracer 
(M) Recovered 
5.1 x 10-4 Yes 	 1.23 
No 	 1.24 
3.4 x 10
-3 
Yes 	 1.72 
No 	 2.44 
Bed Material: 40-50 mesh Sentinel Gap Basalt 
Flow Rate: 1.0 ml/min 	0.013 cm/s pore velocity) 
Flow Direction: downward 
Injected Tracer: prepared, activated kaolin suspension 
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suspending solution which has polarity opposite that of the particles' 
surface charge. Since kaolin particles are negatively charged, this im-
plies that cations will have the major effect on kaolin sol stability and 
migration behavior. 
The critical coagulation concentration (CCC) for an ion is the con-
centration of that ion which will cause a given suspension to coagulate 
"rapidly" and fall to the bottom of the experimental vessel. Since all 
sols will settle eventually, the CCC is a weak function of the settling 
time allowed, but times of a few minutes are usually sufficient for the 
determination. Earlier measurements with Na + showed its CCC to be r, 17 x 
10-3 M; recent measurements with Ca
++ 
showed its CCC to be q, 1 x 10 -3 M. 
This comparison shows the enhanced ability of multivalent cations to over-
come the electrostatic repulsion of approaching kaolin particles to permit 
their coagulation. If (as discussed below) the behavior of the kaolin 
particles as they migrate through the columns is governed by their coagula-
tion with the surrounding rock grains, it is expected that changing cation 
valence from 1 to 2 will enhance particle capture and decrease bed penetra-
tion, even at concentrations below the CCC. 
This hypothesis was tested by conducting activated particle column 
flow tests in which the mobilizing solution was dominated by Ca
+2 
and 
comparing them with earlier tests in which it was dominated by Na
+
. The 
comparison is shown in Table 8. 
It is clear that at a given molar or normal concentration, a much 
smaller fraction of particles penetrates the bed in a Ca +2 solution than in 
a Na
+ 
solution. (Neither does CCC appear to be the proper scaling factor.) 
The hypothesized effect of cation valence is confirmed. 
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Table 8 
Effect of Cation Valence on Kaolin Behavior in Basalt 
Cation 


























































+ VV - Void Volumes 
* N/D - Not Detected 
Effect of Solution Velocity on Particle Behavior  
It is possible that the velocity of the migrating solution will have 
some effect on the migration behavior of the suspended particles. It is 
especially important to consider this variable because the velocities 
(pore velocities ti 4 km/yr) employed in tests to date have been relatively 
high for deep groundwaters. 
Since a column test at the usual flow rate (1 ml/min.) already takes 
8-10 hours (this is why it was originally chosen), it was reasoned that the 
easiest way to check sensitivity to velocity would be to increase it. The 
flow rate chosen was 3 ml/min, which means that each particle's kinetic 
energy is 9 times as great in the latter case as in the former. In 
particular, for the mean kaolin particle (0.125p in diameter), its kinetic 
energy per unit area at 1 ml/min (pore velocity 0.013 cm/s) is '1 , 10
-10 
 erg/cm2 ; at 3 ml/min it is ti 10 -9 erg/cm2 . These energies are within 2
orders of magnitude of the potential energies of particles near basalt 
grains. Thus, the change may produce significant results. 
A comparison of parallel activated kaolin column flow tests is shown 
in Table 9. It is clear that higher velocities increase the penetration of 
the bed by the migrating particles, as may be expected from theoretical 
considerations (see below). Thus, the results generated to date are con-
servative with respect to conditions which may be anticipated in the field. 
However, calculations indicate that these velocities are just at the 
threshold where kinetic energy becomes significant with respect to the 
potential energies involved. If this is so, further decreases in velocity 
may have little effect on the penetration of the bed by the particles. 
Reduction of flow velocity by a similar factor (2-3) would be a difficult 
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Table :9 
Effect of Column Flow Rate on Kaolin Recovery 
Flow Rate First Peak 	 Second Peak 
 
   
Est. Pore 	% of 	 % of Remaining 	Total 
Concentration Volumetric 	Velocity Tracer Begins Peaks Ends 	Tracer 	Tracer 
Cation 	(mM) 	(ml/min) (cm/s) 	Recovered 	(VV) 	(VV) 	(VV) Recovered Recovery (%) 
Na 13.0 1.0 0.013 3.0 2.8 5.4 12 36 38 
3.0 0.039 23.0 1.9 3.8 12 40 54 
CA
++ 
.51 1.0 0.013 1.2 8.0 11.0 >14 9 10 
3.0 0.039 5.2 4.3 8.2 14 17 21 
test to perform because of its length (16-24 hrs) and the half-life of Na 24 
 (15 hrs), but this may be attempted in the near future. 
Kaolin Particle Mechanics (by B. G. Wahli.g) 
a. Lyophobic colloid stability  
The results generated to date on kaolin behavior in basalt may be 
understood in terms of the stability of lyophobic colloids. The formula-
tion of colloid stability is rather lengthy and may be found in books by 
van Olphen and by Verwey and Overbeck. Its bases and general results will 
be presented here. 
At particle separations greater than the thickness of two adsorbed 
water molecules (i.e. % 10 A), the net force on the particles is the 
balance between van der Waals attraction and double layer repulsion. 
a) Since there are many atoms in even a very small particle, it is 
found that the van der Waals attraction between two flat plates 
6 declines as % r 2 rather than r-5 7 	 or r 	as is reported for 
isolated molecules. 
b) The double layer is the atmosphere of ions of charge opposite to 
the particle charge, which surrounds the particle when it is 
immersed in water. (Most mineral and glass particles have nega-
tive charge in water, so the cations will be of primary inter-
est.) The distribution of the ions is indeed atmospheric since 
it represents the balance between electrostatic attraction to 
the particle surface and back-diffusion into the bulk solution 
where the ion concentration is lower. It can be shown that this 
ion distribution results in an electric potential which declines 
in the neighborhood of an isolated particle as shown in Fig. 14. 
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ionic radius, and then an approximately exponential decline to 
zero at infinite distance. Increasing the counter ion concen-
tration forces more ions closer to the particle, compressing the 
double layer and decreasing the electric potential at all dis-
tances. Increasing the counter ion valence has a similar but 
stronger effect. 
At high concentrations, the double layer is very compressed and the 
potential is attractive at all distances. At intermediate concentrations 
a Coulombic potential barrier arises and the secondary minimum reaches its 
greatest depth. At low concentrations, all features are less pronounced - 
the barrier is lower and the secondary minimum is shallower and begins at a 
greater distance. 
In a pore formed by two flat grains, the potential energy would be the 
superposition of the potentials produced around the isolated particles. 
about the pore center. The general features of such curves are similar to 
those for isolated particles, but the following points bear notice. First, 
at all concentrations there is a region near the pore center where the 
forces (whether attractive or repulsive) from the two walls balance out and 
the potential is zero. The secondary minimum appears only at intermediate 
concentrations, since at low concentrations the secondary would begin at 
distances too great to be included inside the pore. 
b. Interpretation of results  
In general, we understand that particles entering the primary poten-
tial minimum will be trapped, those entering the secondary minimum will be 
delayed and those traveling near the pore center will be nearly unimpeded. 
This framework is consistent with the results obtained so far, as shown in 
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the following paragraphs: 
a) Particles already trapped in the primary well will not be re-
leased by fronts of high ionic strength. Although this will 
force the potential barrier closer to the pore wall, only those 
particles nearest the well's edge would then find themselves 
outside the well or near enough to its top to be nudged out by 
Brownian effects. 	This was observed previously when small 
amounts of concentrated NaC1 solution liberated only a small 
fraction 	of 	particles 	previously 	trapped 	at 	lower 
concentrations. 
b) Particles already trapped will be more firmly trapped if the 
solution concentration decreases, since this will expand the 
potential barrier farther out from the pore wall. 	This was 
observed also when a large volume of 500 mg/1 NaC1 solution had 
no observable effect on particles trapped from 1200 mg/1 
solution. 
c) The fraction of particles passing in the 1 VV peak should be high 
at low concentration. At low concentrations, many particles 
will "fall" toward the pore center and be carried through; at 
high concentrations, particles will "fall" toward the pore walls 
and be trapped. There will be some intermediate concentration 
at which the pore area of near-zero potential will be greatest 
and maximum penetration in the 1 VV peak will be observed, but 
the general trend should be from high 1 VV penetration to low 1 
VV penetration as solution concentration increases. This is 
precisely the trend shown in Table 10 which summarizes all ex-
periments conducted to date with NaCl solutions. 
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Table 10 Summary of Data on Kaolin Behavior in Basalt 
for NaC1 Mobilizing Solutions 
Salt Concentrations First Peak 	 Second Peak 
in Solution 	 % of Remaining 
% of Tracer 	Begins 	Peaks 	 Ends 	Tracer 
mM 	(mg/1) 	Recovered (VV) (VV) (VV) Recovered 
0.086 5 60 N/D* 
0.86 50 65 N/D* 
3.4 200 4 2.5 4.9 10 23 
8.6 500 0.6 3.6 5.9 15 83 
13. 750+ 30 2.8 5.4 12 39 
21. 1250 1 2.1 3.6 8 15 
* N/D - Not Detected 
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d) The delayed peak should appear only at intermediate concentra- 
tions. At some concentration when the secondary well is broad-
est and deepest, the peak should be both most delayed and contain 
the maximum fraction of particles. Both the delay of the peak 
and its area should decrease with any increase or decrease of 
salt concentration from this critical value. The results in 
Table 9 indicate that this critical value in the basalt columns 
for Na as the cation is 9 m M. The concentration at which the 
secondary peak (and presumably the secondary minimum in poten-
tial energy) becomes significant is evidently between 1 and 3 
m/t. 	No test has been conducted at a NaC1 concentration high 
enough to observe the absence of the secondary peak due to high 
concentration, but CaC1
2 
tests have been conducted at high 
enough concentrations for the secondary elution peak to be ab-
sent. 
e) Increase of valence of the counter-ions will greatly compress 
the double layer and cause much greater attraction between the 
particles and the pore walls. This effect was observed in tests 
conducted this quarter and reported above in Table 8, in which 
+2 . Ca 	is shown to greatly reduce particle penetration of the bed. 
f) There is no reason to expect the presence or absence of dissolved 
oxygen to greatly affect particle behavior. Since the primary 
origin of surface charge in minerals is interior lattice substi-
tution, oxygen which affects mostly the bed grains' surfaces 
should. not change their surface charge greatly. In the migrat-
ing solutions used, dissolved oxygen will be an insignificant 
contributor to ionic strength. Thus, the insignificant effect 
of dissolved oxygen reported above in Table 7 is not surprising. 
It bears repeating, however, that dissolved oxygen content may 
indeed greatly affect the sorption of radionuclides on the fine 
particles, and therefore make the particle migration itself more 
or less important. 
g) 	If velocity is high enough to make the kinetic energy of the 
particles significant with respect to various features of the 
potential energy profile, appreciable effects may result (Table 
9 above). In general, higher velocities should make it easier 
for particles to elude capture in the primary potential minimum 
and total bed penetration should be greater. High velocity will 
tend to blur the features of the potential curve, since higher 
kinetic energies will make it more probable for them to climb 
over barriers and less probable for them to stay in wells. This 
means that the secondary potential minimum will effectively be 
broader but shallower, implying that the secondary elution peak 
will occur earlier but contain more particles than in the lower 
velocity case. When the secondary potential minimum is already 
shallow (as Na+ in Table 9) high velocity and its attendant 
smaller potential gradients will make it easier for particles to 
remain near the pore centers and therefore appear in the 1 VV 
peak. When the secondary potential minimum is relatively deep 
(as for Ca+2 in Table 9), higher velocity will not affect as 
greatly the ability of particles to reach the pore center, and 
will, therefore, have a lesser impact upon the 1 VV peak. This 
hypothesis predicts that there will be velocities low enough 
that particle penetration of the bed will be insensitive with 
respect to flow rate. 
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IMPLICATIONS FOR WASTE DISPOSAL (DISCUSSION)  
The theoretical and experimental results discussed above make it 
clear that substantial fractions of fine particles may penetrate a rock 
formation under a variety of water flow circumstances. A portion of them 
will move with the water flow and a second fraction will be delayed, 
apparently at most by a factor of 6-10. 
In a particular hypothetical breach of a repository, this fact may or 
may not be of great importance. Among the factors to be considered are the 
following: 
a) Migrating solution composition and concentration. If the solu-
tion is of uncommonly high ionic strength, no particle movement 
is anticipated, but at normal groundwater concentrations, the 
movement will be significant. 	The presence of multivalent 
cations will tend to decrease particle migration substantially. 
b) Pore size and its distribution. Larger pores will favor parti-
cle migration. If pores or fissures are as large as 1 mm across, 
particle delay is likely to be insignificant. If pore or fissure 
widths are smaller than about 0.01 p m, particle capture is 
likely to be complete. For intermediate sizes, finite penetra-
tion is expected. 
Since, in many cases, conditions will be of the intermediate type 
favorable to particle movement, the crux of the matter will be radionuclide 
sorption on the fine particles. In particular, the problem is the tendency 
of radionuclides to sorb on the particles when the particles are in com-
petition with very large surfaces of surrounding rock. This matter will 
receive increased emphasis in the coming quarter. 
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SUMMARY OF RESULTS 
The work during the past quarter has finally reached the important 
stage where it has been possible to see the retention effect on suspended 
particulates by the different bed media. As soon as surface area data are 
available it will be possible to assign retention and retardation coeffi-
cient values to the various media under test. Implementation of the 
surface area measurements has been delayed, but all the equipment has been 
assembled and it is expected to do the measurements shortly. 
The column measurements have also clarified the previous problem of 
disparate results for up and down flow in basalt columns. Comparison with 
sand columns, where no such effect has been observed, has confirmed the 
exudation product of basalt, consisting of fine clay-hematite particles as 
the probable cause. Similar particle entrainment from oolitic limestone 
has also been observed and will be allowed for. The remedy is expected to 
be in the use of larger columns with coarser bed materials and the applica-
tion of a less friable type of limestone. Both approaches are being 
pursued at the moment. 
Test work has also shown that dissolved oxygen may be of importance 
mainly in the initial uptake of dissolved waste tracers on suspended par-
ticulates, but of less concern in affecting particulate retention in the 
column medium. 
Adsorption tests on kaolin for various tracers of interest on the 
whole confirmed well-known chemical behavior. At the pH values of inter-
est, pH 5.5-7.5, cesium and similar strong cations are strongly adsorbed on 
the kaolin suspension, while Tc, Np, Pu would be in various oxidation 
states and kaolin uptake would be small or rather variable. Since the 
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probability of adsorption on suspended matter is a key to the probability 
of migration by this pathway, adsorption coefficients on a range of parti-
cle concentrations in the presence of known host rock concentrations are 
being determined. This is not purely a question of determining Kd values. 




ions on kaolin suspen-
sions have been reviewed, since they affect the coagulation properties of 
the suspensions and control the adsorption on bed materials. High salt 
concentrations cause coagulation and early removal of some of the suspen-
sions; on the other hand, they also inhibit surface adsorption on minerals 
and increase migration range for the remaining particulates. For salt bed 
repositories, one would expect substantial differences in migration and 
adsorption behavior in the near-field and the far-field. 
There is increasing evidence of the existence of a variety of suspen-
ded particles capable of serving as vectors. Apart from the clay particles 
assumed to be entrained in any inflowing water invading the repository, 
particles can be contributed from basalt and limestone boundary rock, by 
any bentonite overpack surrounding the waste canisters, by particles 
leached from the waste, especially spent fuel, that may form radiocolloids 
and by spallation products of the glassy waste matrix. Attempts have been 
made to find estimates of bacterial concentrations in deep waters from soil 
microbiology texts, but all of them seem vague on this subject. 
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PROGRAM PLANS FOR THE COMING QUARTERS  
Activities Planned for the Next Quarter  
Further column tests are planned to obtain more reliable adsorption 
coefficients. Larger columns are under construction to permit operation 
with a minimum filtration contribution. Surface area measurements on bed 
media are expected to begin shortly and more careful monitoring of clay 
particle concentrations should help to provide more accurate data on re-
tardation coefficients. Suspensions of basalt and limestone particulates 
will be prepared and characterized, controlled tests, with better chemical 
control, will give more detailed results on uptake probabilities of Tc, Pu, 
and Cs on kaolin in rock-equilibrated water in the presence of known 
amounts of rock. 
Expected Activities for the Summer Quarter 
In addition to improving and refining the measurements on column 
adsorption and particle retention, other suspensions, such as bentonite 
and basalt media will be used as vector materials. 
A major effort will be made to prepare actinide colloids to simulate 
waste leach products and to observe their migration characteristics. To 
test the consequences of radiolysis by high ionizing radiation in the near 
field studies on uptake and coagulation in intense radiation fields will be 
resumed. 
Long-range Plans for 1980-81  
Work next year will be devoted to the following subjects: 
1. 
	
	Measurement of retardation coefficients for different suspended 
materials in sandstones, shales, and other site-specific media. 
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2. Measurement of desorption effects from tracer vectors in regions 
of decreasing salinity. 
3. Study of mobility of glassy suspensoids in a slowly-flowing 
aquifer. 
4. Determination of the effect of bentonites or other overpack 
materials on the availability of tracer carriers and their sta-
bility in time. 
5. Extension of studies of radiation fields on double layer forma-
tion and radiocolloid formation. 
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MOBILITY OF RADIOACTIVE WASTE MATERIALS IN 
SUBSURFACE MIGRATION BY PARTICULATE TRANSPORT 
Draft Quarterly Progress Report, Period April 1, 1980 - June 30, 1979 
INTRODUCTION 
To provide input into the current assessment of the environmental 
impact and the licensability of proposed repositories for high-level 
radioactive wastes in deep geologic media, the current investigation has 
been conducted with emphasis on the contribution of particulate transport 
to the potential migration of leached waste products through subsurface 
aquifers. The general background to this work has been presented in 
previous progress reports; for this reason this report will deal only with 
work done during the past quarter. The work has been conducted in parallel 
with a related study sponsored by Battelle Northwest and the results of 
both investigations will be presented here jointly. 
The project attempts to answer two questions of regulatory interest: 
1) What is the probability that particulates act as long-range carriers for 
radioactive waste products for a given design-base incident scenario?; and 
2) What is the expected range and migration velocity of waste carried by a 
particulate vector through any postulated aquifer, and hence the contribu-
tion of this pathway to the estimated population dose? 
The first question can only be answered in a qualitative fashion, so 
far; the second question has received the greater attention in this project 
as it involves the more innovative aspect of the investigation, while there 
is plenty of information on the sorption isotherms of dissolved waste ions 
under various conditions of water pH, hardness and temperature. In order 
to predict the probability of uptake on particulates one requires 
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information on the nature and concentration of the suspensoids, which will 
depend on the site characteristics and the particular waste degradation 
mechanism envisaged. 
For the present purpose, we may consider two types of emplacement: 
rock, e.g. mined cavities in basalt or granite, and bedded salt formations. 
Table 1 lists some of the adsorption options that may have to be taken into 
account. 
Opinions seem to vary on clay particle concentrations to be expected 
in deep groundwater. On the other hand since leaching is likely to be a 
slow process, possibly diffusion-controlled, only the relative surface 
areas of the suspensions versus those of local exposed rock surfaces would 
be of significance. Tests have been conducted to measure partition ratios 
for dissolved tracers between various combinations of suspensoids and rock 
areas. 
Previous work has established the reality of the particulate vector 
as a migration pathway and additional evidence for the occurrence of suit-
able vectors keeps turning up for the different repository types under 
review at this time. For this reason the present project is expected to 
make a useful contribution to the evaluation of the relative significance 
of the various postulated pathways. 
OBJECTIVES OF THE PROJECT 
The principal objective of this work is to observe migration rates and 
mobilization processes of selected radioactive waste ions under conditions 
that simulate expected conditions in the vicinity of waste repositories 
and to determine retardation coefficients and partition factors in order 
to permit prediction of the contribution this pathway may make to the long- 
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Table 1 
Waste Sorption Scenarios for Particulate Carriers 
Rock (Basalt or granite) 	 Salt 
Particulate 	Clay-entrained in intruding. water 
sources 	 Glass matrix spallation produCts 
Actinide colloids (spent fuel waste only) 
Secondary Minerals 	 Canister corrosion 
Bentonite backfill products 
Decrepitation products from 	Claytype overpack 
mined surface 
Water quality Rock-equilibrated: Host 	Saline water, high 
(near field) 	rock low sorption site coagulation rate 
density 	 of colloids 
Low sorption on 
particulates in 
near field 
Far field 	Migration through fissures 	Diminishing salinity, 
conditions' in adjoining rock and residual partic- 





term environmental impact of any high-level waste repository. There are 
two major processes involved: 
a) Determination of adsorption and desorption rates of dissolved 
waste components interacting with suspended colloids and par-
ticulates representative of those assumed to exist in deep aqui-
fers; and 
b) Measurements on the motion and retardation of such particulates 
in passing through model aquifers composed of bed materials 
representative of anticipated site locations. 
The present phase of the work has dealt with generic studies, prior to 
work with site-specific rock and water media that can only be done after 
candidate repository sites have been designated. 
REVIEW OF EXPERIMENTAL WORK 
As in previous quarters, the work can be divided into the following 
major areas: 
1. Adsorption of dissolved trace ions on suspended particles and 
aggregates; 
2. Transport conditions of labeled suspended particulates through 
crushed-rock columns; and 
3. Characterization of the physical and chemical properties of the 
particulates, bed materials and waters used in the various 
tests. 
It may be assumed that the adsorption-desorption processes do not 
depend on the (slow) motion of the particles and, also, that the rock-
particle interactions are not significantly affected by the presence of 
any adsorbed trace ion on the particle surface. For this reason, adsorp-
tion tests with radioactive tracers can be conducted almost independently 
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of tracer tests on particle movement in a long column, and this has 
resulted in designing the project plan along two parallel lines. 
Progress Reported Previously  
During the previous quarter substantial progress was reported in ob-
taining verification of the retardation process for movement of particu-
lates in mineral columns. Those results were reported in the Quarterly 
Progress Report of April 1980. The principal results reported concern the 




ions on kaolin suspensions as they affect the coagulation properties of 
suspensions and control the adsorption on bed material. The other major 
development resulted in a clear-cut separation of the effects of filtra-
tion and surface attachment in various types of bed materials and some 
preliminary measurements of attachment coefficients. This work has been 
carried forward and constitutes the major item of development reported in 
the present report. Other previous work showed only minor effects of flow 
velocity or oxygen concentration on particle attachment; some of these 
aspects also have been further investigated since. Similarly, uptake 
measurements on suspended particles in the presence of bed materials have 
been extended into a wider range of conditions. 
Dynamic Column Tests  
In most dynamic tests a small dose of activated kaolin particles was 
injected just above the mineral column into a steadily flowing stream of 
deionized or equilibrated water. Two types of observations were carried 
out: a) a plot of the activity appearing in the effluent as a function of 
flow volume passing through the column, and b) a plot of the activity 
remaining on the column, after most of the mobile activity has passed 
through the column, obtained by removing and counting successive fractions 
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of the bed itself. The first type of test has resulted in graphs like Fig. 
1, showing a prompt effluent peak, containing most of the activity, result-
ing from particles moving at flow velocity, and a broader delayed peak 
representing a retarded component due presumably to an adsorption-desorp-
tion process which is under study at the present moment. 
The second procedure has led to a series of distribution plots, of 
which Fig. 2 is representative, that clearly show two different slopes 
which have been interpreted as being due to filtration, near the top of the 
column and to adsorption, due to van der Waals and double-layer effects, 
through the rest of the column. From these slopes values for the filter 
coefficient and the sorption coefficient have been derived for a variety of 
mineral surfaces and water conditions. These values are still subject to 
some uncertainty owing to the rather large errors in surface area deter-
minations so far, and some experimental fluctuations in some of the runs. 
By the use of the columns with different pore sizes, but the same bed 
material, the effect of filtration is being isolated from the sorption 
effect which is considered the principal controlling factor limiting clay 
particle migration in the submicron range. 
The particle concentration is then subject to equation of the form 
C = C
o 
exp [ -px - Xx 
where P = sorption coefficient 
X = filter coefficient 
and -1 represents the distance x over which the concentration decreases by 
l/e (= 1 neper) for each process. In practice, it is probably of greater 
interest to know the loss per unit surface area (in m 2 ) presented to the 
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Separation of Filtration and Adsorption Processes 
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C = C
o exp [ -P'S - PS] 
where S is the surface area per unit path length assuming linear, laminar 
flow and P' and X' are in (m 2 ). 
The removal coefficients would depend on particle size and p, but not 
A, and would depend on ionic concentration, pH, and perhaps on particle 
concentration. At low velocities neither would be expected to be greatly 
affected by flow rate or oxygen concentrations. A comparison was made, by 
electron microscopy, of kaolin particle sizes in the influent and effluent 
streams. No evident difference was detected visually in size distribu-
tion, though that may in part be subject to methods of preparation for 
electron microscopy. 
Extensive tests were carried out to determine removal effects under 
various water conditions and this work continues. These tests are summa-
rized below. 
a. Filter coefficient  
It is basically assumed that in ruptured rock filtration is less 
likely to limit waste migration on particulates, once they have traveled 
any distance, than surface interaction. Since some filtration was ob-
served in several column experiments, the filter coefficient A for our 
kaolin suspension was determined for the particular test conditions. 
In some column experiments the entire contents of the column were 
removed and divided into small segments. 	The quantity of suspension 
trapped in each increment was then determined by counting. 	The data 
obtained were then used to calculate a filter coefficient using the 
equation 
C=C




is the concentration of tracer in the first level, C is concentra-
tion at depth L, and Xis the filter coefficient. The coefficients calcu-
lated between the first and second inches for some runs involving sand were 
as follows: 
Filter Coefficients in Sand Columns 
Mesh 	Column ID 	 Liquid 	 A (in-1 ) 	(c1111 ) 
12-16 2.0" D. 	I. Water 1.83 4.65 
28-35 0.5" Sand-equilibrated water 1.21 3.07 
28-35 0.5" D. 	I. Water 1.05 2.67 
Due to the manner in which the column contents were removed, the various 
increments did not coincide with exact one-inch levels within the columns, 
and extrapolations were necessary to estimate the exact activity in each 
level. This introduces a small factor of uncertainty but does not explain 
the considerable difference in values obtained in the 28-35 mesh sand. It 
would seem that the difference in effect between distilled, deionized 
water and sand-equilibrated water should not be as great as indicated by 
these results and additional investigations are intended to explain this 
matter. 
b. Sorption coefficients  
Because of the greater consistency in operation, sand columns have 
been used as reference systems. Sand does not exhibit the type of surface 
decrepitation that has been encountered in basalt and limestone beds. 
Tests have been conducted using deionized-distilled water, deoxygen-
ated water and "sand-equilibrated" water. The results are tabulated in 
Table 2 and presented graphically in Fig. 3. Several comments should be 
made in regard to these results: 
1) 	Sand-equilibrated and deionized water have similar "removal" 
characteristics and only differ in the rates at which one would 
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Table 2. Results of column experiments using sand as the bed material 















*Pore Volume (ml) 28.10 34.275 3.277 
Porosity (Cr51 spike) 0.368 0.444 0.425 
/lass of bed material (g) 120.50 119.82 120.43 
Mesh Range 30-40 40-50 30-40 
Approx. surface area (m2 /g) 7 10 7 
#Total fraction of activity 
retained in column 
0.362 0.182 0.258 
Y
o
, fraction adsorbed 0.74 0.899 0.74 
X
o
, filtered fraction 0.19 6.13 x 10
-2 
0.203 
A', 	filter coeff. 	(m 2) 1.32 x 10-2 8.55 x 10-3 =1.38 x 10
-2 
p', adsorption coeff. 	(m
-2





1 - (Y0 + X0), Estimated 
coefficient error for this 
set of data 
7% 4% 6% 
EFFLUENT DATA 
BT:P 	(ml) 36.92 31.40 32.77 
BT:50 (ml) 65.034 44.56 36.93 
Total Effluent Volume (ml) 318.96 413.89 357.60 
**Number of peaks 1 2 1 
#Fraction of activity in 
Effluent 
0.638 0.818 0.742 
Estimated error in experiment 
in accounting for injected 
activity 
5.6% 4% <1% 
Note: All columns used above have Length = 60.96cm, Width = 1.27cm and 
Volume = 77.222cm3 . 
*The dynamic pore volume in our experiments is equal to the static pore volume. 







 activity was noted but there were a large number of 
.ctive Y alues 
*xThis indicates whether there is evidence of a delayed movement of the in - daily 
retained activity. 
# Normalized values. 	 11 
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Fig. 3 Kaolin Removal on Sand Bed with Different Water Types 
expect adsorption to occur (whether temporary or permanent) if 
all other conditions are similar. 
2) Sand-equilibrated water shows the expected result of no "obvi-
ous" adsorption due to the saturation of ionic surfaces by the 
sand particulates in the water. 	In other words, those par- 
ticulates of activated kaolin escaping removal by means other 
than adsorption will travel at the speed of the flowing water. 
(While deionized water does show a better adsorption uptake, it 
is likely that in the "real world" one never finds this 
situation. 	Nevertheless, it does support the saturation of 
surfaces hypothesis in the case involving sand-equilibrated 
water.) 
3) For a reason not clearly understood at this point, the presence 
of oxygen appears to affect the removal coefficient and lessens 
adsorption. Even though a larger-mesh-sized bed material was 
used, smaller removal and adsorption coefficients were obtained. 
(More investigations are needed before the above statement can 
be confirmed.) This would imply that any increased air content 
of water may be an important factor in particulate migration. 
4) A double peak in the effluent was observed in the case of the 
deoxygenated water (Fig. 4). This implies that there was a 
definite retarded component, due to a significant adsorption 
effect in the absence of oxygen. This will be examined further. 
One void volume corresponded to 34.27 ml in that case. 
To distinguish more clearly between particle removal by filtration 
and by adsorption a test was conducted with a coarser column, using 14-18 
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Fig. 5 Comparison of Kaolin Removal with Large and Small-mesh Sand Column. Deionized -
Deoxygenated Water 
eliminates the filtration effect, as expected, while the adsorption co-
efficient is changed only a little, presumably because of slightly altered 
hydraulic conditions. Table 3 contrasts the results for the two bed grain 
sizes. 
Similar tests were conducted with basalt and limestone beds in order 
to obtain values for the adsorption coefficients. These tests employed 
deionized water; tests using equilibrated water are under way. The same 
procedure was used as for the sand bed. The results are presented in Table 
4 and graphically in Fig. 6. Bed grain size was 40-50 mesh. 
As before, when working with basalt and limestone, the friability of 
the limestone and the exudation of secondary minerals from basalt intro-
duced difficulties. This test still used the oolitic limestone employed in 
previous work. (For current and future runs a sample of Georgia marble has 
been obtained.) As a result the surface area determination of the lime-
stone has been difficult and is probably only an order-of-magnitude value. 
It is assumed that the breakup of the limestone surface increased the 
effective surface area somewhat in the course of the experiment, resulting 
in some change in conditions. 
Similar changes may affect the basalt data. By comparing a freshly 
crushed basalt material with aged material one obtains some idea of the 
degree of surface modification that occurs on weathering. As Fig. 6 shows, 
the adsorption coefficient i was small in both cases, but appreciably 
higher for the fresh basalt. The higher filtration effect for "new" basalt 
is ascribed to some clogging of the pores by the secondary material. For 
waste repositories with a slow flow of water one may assume that the "aged" 
conditions would prevail. These values will be further modified in "rock-
equilibrated" water and that matter is under investigation at present. 
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Table 3. Comparison of large and standard column tests: Sand and 
Deoxygenated Water. 
COLUMN DATA 




*Pore volume (ml) 210.0 34.25 
Porosity (Cr 51 spike) 0.274 0.44 
Mass of bed material (g) 1047.0 119.8 
Mesh range 14-18 40-50 
Approximate surface area (m2/g) 3 10 
#Total fraction of activity 
retained in column 0.162 0.182 
Y
o
, adsorbed fraction 0.97 0.90 
X
o
, filtered fraction None 0.06 
A', filter coeff. (m 2 ) 0 8.55 x 10 3 





), Estimate coeff. error 
for this set of data 3% 4% 
EFFLUENT DATA 
Flow rate (ml/hr) 60 60 
*BT:P (ml) 273.28 31.4 
BT:50 (ml) 314.753 44.56 
Total effluent volume (ml) 2300.0 414.0 
Number of peaks 1 2 
#Fraction of activity in effluent 0.838 0.818 
Estimated error in experiment in 
accounting for injected activity <17 4% 
#Normalized values. 
*Note: The BT:P positions in the large and small columns both appear 
after the passing of 1.3 pore volumes of water in the case for distilled-
deionized water. 
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*Pore volume (ml) 33.2 35.702 36.886 
Porosity (Cr 51 spike) 0.4299 0.4623 0.4777 
Mass of bed material (g) 116.54 127.914 118.34 
Mesh range 40-50 40-50 40-50 
Approximate surface area (m
2
/g) =10 =8.2 =8.2 
#Total fraction of activity 
retained in column 0.973 0.958 0.537 
Y
o
, adsorbed fraction 0.607 0.083 0.50 
X
o
, filtered fraction 0.393* 0.927 0.34 













), Estimate coeff. error 
for this set of data •Pl% 16.1% 
EFFLUENT DATA 
Flow rate (m1/hr) 60 60 60 
*BT:P (ml) 33.444 
BT:50 (ml) # # # 
Total effluent volume (ml) 824.7 164.9 461.2 
Number of peaks 1 1 1 
#Fraction of activity in effluent 0.027 0.042 0.46 
Estimated error in experiment in 
accounting for injected activity 11% 6% 5.4% 
Note: All columns used above have Length = 60.96 cm, Width = 1.27 cm and 
Volume = 77.222 cm 3 . 
*(All other conditions listed in Table 2 also apply here.) 
tDifficult to determine correctly due to the initial friability of the 
limestone at the water-limestone interfact. 
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Fig, 6 Kaolin Particle Removal from Deionized Water . in Basalt and . Limestone Columns. 
waste repositories with a slow flow of water one may assume that the "aged" 
conditions would prevail. These values will be further modified in "rock-
equilibrated" water and that matter is under investigation at present. 
Effect of Salinity  





 ions has a crucial effect on the attachment of kaolin 
particles to rock surfaces (see also separate report being issued). Fol-
lowing the procedure used in the above tests, effluent samples and column 
distribution tests were conducted to obtain details on retardation and 
retention. To separate out any filtration effects, some of the tests were 
done concurrently using the small (standard) columns, 30-40 mesh 
particles, and the large columns, 14-18 mesh bed particles. In all cases 
the columns were pre-equilibrated with the NaCl solution for several days, 
before the activated kaolin sample was injected. 
Tests were conducted at NaCl concentrations of 500-750, 1000, and 
1200 mg/1 (0.008M, 0.013M, 0.017M, and 0.02M respectively); the latter 
well above the critical coagulation concentration for kaolin. 
Table 5 presents the operating conditions for the various runs, 
either in the smaller columns (E,G) or in the larger ones (A,B). 
Table 5 
Characteristics of Sand Columns for Saline Water Tests 
Columns E,G Columns A,B 
Particle Size (cm) 0.042— 0.0595 0.100 — 0.141 
Weight of Rock . (g) 118.4 1052.1 
L, Column Length (cm) 60.96 60.96 
D, Column Diameter (cm) 3 1.27 3.81 
3 ) VC, Volume of Column (cm 3 77.22 694.98 
VP-S, Static Pore Volume (cm 32.0 289 
VP-D, Dynamic Pore Volume (cm') 28.40 198.40 
PR-S, Static Porosity 0.414 0.416 
PR-D, Dynamic Porosity 0.368 • 0.285 
• Q, Flow Rate (ml/min) 3 1.0 3.5 
BD, Bulk Density (g/cm ) 	3 1.5 1.5 
PD, Particle Density (g/cm ) 2.6 2.6 
BT:P 34.3 322.6 
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The results are shown in Figs. 7-10. It is seen that little difference 
arises in the emerging activity between the small and the large columns for 
the lower NaC1 concentrations. About 10% of the material traveled through 
the columns unscathed with the first wave. However, at 1000 mg/1, and even 
more at 1200 mg/1, the recovered portion decreased dramatically and a 
small, but definite, delayed peak occurred for the larger column indicat-
ing a definite, if temporary, enhanced attachment to the bed materials. 
To complement the column tests with saline water, an elution test was 
conducted with deionized water for comparison, using the same large and 
small columns. The results are shown in Fig. 11. There is little differ-
ence between the two, though the small column appears to retain the final 
fraction a little longer, possibly because of hydraulic differences. 
There is also a suspicion of a delay peak at 5 void volumes in the large 
column, though this may have low statistical significance. 
Analysis of the column deposition for different water conditions 
yielded comparative distribution plots from which the adsorption co-
efficient can be derived. Tests were conducted with sand-equilibrated 
water of conductivity 7.5 pc /cm, deionized water, and NaCl solutions, 750 
and 1200 mg/1 respectively. Figures 12 and 13 show the results of these 
tests. From the slopes the adsorption coefficients were derived as 
follows: 
A' = 3.7 x 10
-3 
and 5.7 x 10
-3 
m 2 and p' = 3.1 x 10 -5 and 9.4 x 10
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Effect of Solution Velocity on Particle Behavior  
Last quarter preliminary results on the effect of flow velocity on 
kaolin mobility in basalt were reported. These tests were undertaken 
primarily because the calculated pore velocity ( ,u8.3 km/yr) at the normal 
experimental flow rate (1.0 ml/min) is clearly high for anticipated field 
conditions. These tests were completed in the current quarter. 
To test the effects of velocity, parallel column tests on particle 
adsorption were conducted at 0.35 ml/min, 1.0 ml/min (the normal flow 
rate), and 3.0 ml/min. The results are shown in Table 6. Some values in 
this table differ from those reported in the previous quarter because 
errors in raw data analysis were discovered. 
Considering both the Na+ and the Ca+2 ion tests, no consistent effect 
due to a change in velocity can be deduced, except perhaps some increased 
penetration in the 1 VV peak at higher than normal velocities. No consis-
tent effect on the second peak delay or area was observed. 
The van der Waals-double layer model for particle behavior implies 
that flow rate should have appreciable effect on particle migration only 
when it provides kinetic energy which is significant in comparison with the 
potential energies in the system. Very high pore velocities could even 
make it possible for passing particles not to adsorb on grains to which 
they got very close, although the introduction of turbulence would produce 
other effects such as particle impaction which might reduce overall mobil-
ity. The results of Table 6 show no consistent effect of flow velocity 
except on the 1 VV peak, although the data showed more scatter than was 
usual. This lack of effect is not surprising, in view of the information 
shown in Table 7. The kinetic energy of the particles at the velocities 
employed is from 3-9 orders of magnitude less than the thermal energy of 
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Table 6 
Effect of Column Flow Rate on Kaolin Recovery 
Flow Rate 
 
First Peak 	 Second Peak 
     
Concentration 	Volumetric 
Cation 	(mM) 	(ml/min) 
% of 
Remaining 
Est. Pore 	% of Tracer 	Begins 	Peaks 	Ends 	Tracer 




13.0 0.35 0.0092 4.3 1.8 4.6 10 56 
1.0 0.079 4.6 2.0 4.9 12 49 
3.0 0.026 11.1 1.8 4.6 12 37 
Ca
+2 
0.51 0.35 0.0092 0.7 N/D* 
1.0 0.079 1.3 6.5 11.5 >14 13 
3.0 0.026 5.2 6.3 11.0 14 17 
*N/D - Not detected. Test mistakenly terminated too early. 
Table 7 
Comparison of Kinetic and Thermal Energies of Kaolin Particles 































1.50 x 10-6 
(5th percentile) 
1.25 x 10-5 
(50th percentile) 
2.30 x 10-5 
(95th percentile) 
7.8x10-30  5.3x10-14 
4.5x10-27 4.4x10-13 
2.8x10-26 8.2x10-13 
6.4x10 29 4.4x10-13 5.7x10-28 3.9x10-12 4.0x1021 2.7x10-10 
3.7x10-26 3.6x1012 3.3x1026 3.3x10-11 4.0x10-21 3.9x20-7 
2.3x10 25 6.7x10 12 2.1x10-23 6.0x10 11 4.0x10-21 1.2x10-7 
*Eli - Particle kinetic energy 
+Ek/A1 - Particle kinetic energy per unit lateral area 
**E




1 - Particle thermal energy per unit lateral area 
the particles. Only for the highest velocity and the larger particles 
would the kinetic energy have even a slight effect on particle behavior. 
In order for a major effect to be observed, velocities would have to be so 
high that flow would be turbulent and other mechanisms would be in effect. 
Since the kinetic energy is already insignificant at laboratory 
velocities, the difference of velocity is unlikely to be a cause for 
divergence between laboratory results and any actual field conditions. 
The only consistent effect observed was a slight increase in penetration in 
the 1 VV peak at higher-than-normal velocities, implying that the labora-
tory results are conservative in comparison with anticipated field condi-
tions. 
In summary, the very small effect of flow velocity on particle mobil-
ity is in accord with the van der Waals attraction, double-layer repulsion 
model of particle mobility discussed in the last quarterly report. This 
theory is discussed in more detail in a separate report in course of 
preparation. 
Surface Area Determinations  
One continuing problem in previous work has been the uncertainty as to 
the effective surface areas involved in the adsorption processes. Since 
most of the minerals do not form spherical particles, estimates of surface 
areas from screen tests were known to be inaccurate. Similarly, estimates 
from microscopic displays were both tedious and statistically inexact. To 
overcome this problem, a system has been set up utilizing ethylene glycol 
as the sorbing agent. The procedure used is essentially a modified version 
of the procedures published by Dyal and Hendricks, Bower and Gschwend, and 
McNeal. It consists of placing a sample of known weight in a vacuum 
desiccator over a drying bed of P 205, where it is left to dry for at least 
32 
20-24 hours. The sample is then weighed, covered with ethylene glycol, ti I 
ml per gram sample and again placed in the desiccator at normal pressure, 
over a bed of CaCl
2 
for 8-I2•for uniform wetting. The desiccator is then 
evacuated and the sample is left to dry for 44-48 hours. The sample is 
then weighed again to determine the adsorbed amount of ethylene glycol. 
The surface area is obtained from the formula 
W 






where Wg  = weight of the glycol 
W
s 
= weight of dry sample 
A fair amount of effort was required to set up the system, determine 
optimum drying time and run various check samples. Table 8 shows examples 
of multiple determinations with some variations in procedure, mainly in 
the amount of glycol used. The scatter of results still seems unduly high, 
and work is under way to improve this. 
Adsorption Measurements  
Although other projects under the various Waste Isolation programs 
have produced an abundance of K
d 
values for adsorption of tracers on 
minerals, few of them have addressed the problem of competition for adsorp-
tion between different minerals in simultaneous contact with the waste 
solution. Yet this three-phase situation is the rate-determining stage 
that controls the fraction of the dissolved waste activity that may attach 
itself to suspended materials. Depending on the materials involved, this 
partitioning process may be highly pH dependent, and it may or may not be 




Surface Measurements (Ethylene Glycol Method) 
1 ml ethylene glycol/g of sample 
Kaolin 	 Sand 
60 M 30-40 M 
2 ml/g 	 0.4-0.5 ml/g 1 ml/g  
	
14.12 	 16.98 	 1.77 
	
1.12 
9.75 11.46 1.02 1.59 







Mean 10.77 	 22.77 
	
1.40 	 1.23 
Calculated value 17.6 md,/g. 	
*insufficiently dried. 
Basalt 	 Basalt 
40-50 M 48-60 M 
1 ml/g 	1.5 ml/g 	 1.5 ml/g  
6.16 	 11.82 	 7.51 
4.83 8.59 9.04 
6.86 	 8.14 	 8.01 
6.52 11.83 
5.45 	 8.58 
9.50 6.23 









Mean 	5.95 	 7.05 
	
8.41 
Calculated value 7.75 ti)X. 
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even a low concentration of the suspension may compete strongly with larger 
surface areas of less adsorptive minerals. 
For this reason several three-phase systems have been investigated, 
and this work continues. These systems consist of a liquid phase, the 
solid mineral matter of interest, and a suspended particulate. An 
unwanted, but unavoidable, fourth phase is the surface of the container in 
which the experiment is carried out. The objective is to determine the 
partitioning of a radioisotope among the three phases that would actually 
exist in a real-world groundwater situation. 
It is now believed that the optimum procedure for carrying out this 
type of experiment is as follows: 
1. Place radioisotope in a test tube and count. This provides a 
total to compare with the sum of components determined later. 
2. Add enough water so that when the liquid containing particulates 
is added, the total will be the quantity desired - usually 15 ml 
or 25 ml. 
3. Add mineral matter and suspended particulates. 
4. Slosh and allow to stand for equilibration. 
5. Centrifuge to separate particulates from the liquid. 
6. Withdraw half of the clear liquid and count. 
7. Count the remaining tube which contains half the liquid plus all 
of the mineral and particulate matter. 
8. Transfer to a new tube and count the original, now empty tube to 
ascertain container adsorption. 
9. Separate mineral and particulate by resuspending the particu-
lates ultrasonically then removing as much particulate and 
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liquid as possible. 	Rinse mineral with acetone and combine 
rinsings with container of particulates. 
10. Count mineral. 
11. Count particulate suspension, centrifuging and removing super-
natant if necessary to reduce volume for counting. 
This procedure is the general manner of operation, although some modifica-
tions (as noted) were necessary in specific instances. 
The initial set of tests each involved one gram of 25-40 mesh mineral 
(sand, limestone, shale, basalt), a particle suspension containing 
approximately 4.35 mg kaolin in distilled, deionized water, and 5 p 1 of 
9.4 pCi/ml Cs-137. Thirty minutes of centrifugation was required to remove 
the kaolin from suspension, and 30 minutes of ultrasonic agitation were 
required to fully suspend the particles. Table 9 shows the results that 
were obtained. 
In earlier adsorption tests of Cs-137 on basalt, no competing suspen-
ded matter was present. The uptake and corresponding K d value was found to 
increase as the quantity of basalt was increased up to a total of 0.10 g. 
At the 0.1 g level, 43% of the activity was associated with basalt. At a 
constant radioisotope concentration, uptake would be expected to depend on 
the quantity of mineral matter present. Note that even a small amount of 
kaolin, compared with the amount of mineral present, absorbed a signifi-
cant fraction of the Cs activity. 
Another set of experiments involved the use of kaolin suspension, Tc-
95m tracer, and basalt, limestone, and shale as the mineral matter. The 
liquid volume of 20 ml was composed of 10 ml of kaolin suspension plus 10 
ml of water equilibrated to the corresponding mineral. The quantity of 




Cesium Adsorption Tests 
Net counts per minute % initial activity Kd 
Tracer 
Water 




per g Mineral Suspended Liquid Mineral Suspended 
1B 53142 215 743 45417 1503 3.45 x 10 5 85.5 2.8 8.1 211.0 1607 
2B 53204 198 695 43565 1741 4.00 105 81.9 3.3 7.4 220.0 2021 
IL 54411 1047 1137 35935 1408 3.24 105 66.0 2.6 38.5 34.3 309 
2L 45003 859 897 30564 2075 4.77 10 5 67.9 4.6 38.2 35.6 555 
1Sd 43374 999 1826 17320 4558 1.05 106 40.9 10.8 47.2 17.3 1049 
1Sd 45994 1175 1822 17014 4606 1.06 10
6 
37.0 10.0 25.5 14.5 901 
1 S 60485 83 405 50886 7688 1.77 10
6 
82.8 12.7 2.7 613.0 21293 
2S 62257 43 256 47569 9992 2.30 10 6 76.4 16.0 1.4 1106.0 53419 
B 	7 basalt 
L 	r limestone 
Sd = sand 
S = shale 
experiment it was noted that the kaolin coagulated and settled out rapidly 
in the tubes containing shale. This was probably due to the higher ionic 
strength of the shale-equilibrated water which is due to greater solubil-
ity of components of the shale. The conductivity and pH of the mineral 
equilibrated waters are given in Table 10. From the very high value for 
shale it is concluded that the high ion concentration is responsible for 
the coagulation of the kaolin particles. It is believed that the rapid 
removal of the suspended particles invalidated any results, and the ex-
periment with shale was discontinued. Results obtained with basalt and 
limestone are given in Table 11. 
Table 10 
Properties of Mineral-equilibrated Waters 
Mineral Conductivity (pc/cm) pH 
Basalt 180 8.08 
Limestone 320 8.27 
Shale 630 6.80 
Sand 10 6.72 
Since technetium does not form strong cations one would not expect 
significant absorption on any of the minerals at high pH values. However, 
even so the data in Table 11 indicate competitive adsorption on the kaolin 
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Table 11 
Technetium Adsorption Tests 
Run 






per ml Tube Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
1B 0.05 41946 1579 110 572 1184 1.36 2.82 75.3 7.24 344.0 
2B 0.10 38423 1463 138 650 915 1.69 2.38 76.1 4.44 287.0 
3B 0.25 38882 1479 170 804 794 2.07 2.04 76.0 2.17 246.0 
4B 0.50 37794 1438 132 911 673 2.41 1.78 76.0 1.27 215.0 
5B 1.00 38283 1435 163 1563 534 4.08 1.39 75.0 1.09 171.0 
1L 0.05 41339 1581 149 133 1381 0.32 3.34 76.5 1.68 401.0 
2L 0.10 37190 1442 160 171 1168 0.46 3.14 77.5 1.18 372.0 
3L 0.25 43557 1686 188 275 791 0.63 1.82 77.4 0.652 215.0 
4L 0.50 44675 1745 161 355 360 0.80 0.81 78.1 0.407 94.6 
5L 1.00 38747 1494 126 839 287 2.20 0.74 77.1 0.561 88.1 
basalt 
L 1,2 limestone 
suspension with both basalt and limestone under equilibrated-water condi-
tions. Note that a small, but finite fraction of the activity clung to the 
test tube. 
Earlier tests of the Tc-95m absorption on basalt, without the 
presence of suspended matter in competition, indicated ,‘,48% uptake. About 
50-55% was observed for limestone. The difference between those data and 
the above experiment can be explained by the presence of equilibrated 
water. The higher ionic concentration of equilibrated water precluded 
absorption as was to be expected. A definite dependence of the partition 
coefficients on the quantity of mineral present is obvious. For measure-
ments on plutonium migration, modifications were made to the general pro-
cedure for a series of experiments in which the pH was adjusted and main-
tained. The minerals involved were 1 g portions of 25-40 mesh shale, 
limestone, basalt, and sand. The suspended matter was kaolin, and the 
radioisotope was Pu-237. The total volume in each test tube was 15 ml. 
The pH was adjusted by adding NaOH solution after all the other components 
were present, but in later experiments the pH was adjusted in the tracer 
solution itself prior to the addition of the other components. Table 12 is 
a tabulation of the results obtained. A repetition of the limestone 
experiment where the pH was slightly higher and half the liquid was equili-
brated water is given in Table 13. In both cases, little activity was lost 
to the test tube. Three of the four Kd values for limestone are quite 
close, but the presence of equilibrated water produces a very large differ-
ence in the Kd values for kaolin. 
The quantity of granular basalt was varied in another set of experi-
ments as detailed in Table 14. 
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Table 12 
Plutonium Absorption Tests - Three Phase Systems 
Run 
PH Net counts per minute % initial activity 
Kd 
Initial Final Tracer Liquid Tube Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
S1 7.5 7.5 24793 248 94 1023 23418 4.1 94.5 0.9 61.0 17300 
S2 7.4 7.5 24842 114 50 1231 23306 5.0 93.8 0.3 162.0 37400 
LI 7.5 7.6 24915 220 75 1599 22942 6.3 92.0 0.5 109.0 19100 
L2 7.4 7.5 24687 230 80 944 23731 3.8 96.1 0.5 61.5 18900 
L- i-, B1 7.5 7.4 24073 0 32 1982 19507 8.2 81.0 - - - 
B2 7.5 7.6 23982 164 62 1839 19499 7.6 81.3 0.4 168.0 21700 
Sdl 7.5 7.4 23271 160 10 2155 20052 9.2 86.2 0.4 202.0 22900 
Sd2 7.1 7.2 23302 174 23 2439 19983 10.5 85.7 0.4 210.0 21000 
S == shale 
L 4 limestone 
B 	basalt 
Sd g. sand 
Table 13 
Plutonium Absorption on Limestone from Equilibrated Water 
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g Initial Final 
Table 14 
Plutonium Absorption on Basalt 
Net counts per minute 
Tracer Liquid Tube Mineral Suspended 
% initial activity d 















26200 	 524 	0 	17435 
25613 423 108 19855 
26031 	 276 	131 	18018 
25508 385 279 18372 
26042 	2056 	577 21031 
0 	66.5 	10.9 
0.42 77.6 6.6 
0.50 	69.2 	10.1 









A different batch of kaolin suspension was used in some experiments to 
determine if the size of the suspended particles had. any ascertainable 
effect on the results. When the kaolin suspension consisted of particles 
considerably smaller than those of our regular stable suspension, dif-
ficulty was encountered. It was not possible to clarify the supernatant by 
centrifugation. Consequently, half-gram portions of NaC1 were added, the 
tube shaken one minute, and then centrifuged for two minutes. This pro-
duced a rapid clarification of the liquid, and due to the short time the 
NaCl was present, probably did not significantly alter the existing 
equilibrium. The results of these tests are presented in Table 15. 
Additional runs over a range of mineral concentrations for limestone, 
shale, basalt, and sand at different pH values are tabulated in Table 16. 
These results all show the same basic characteristics: The degree of 
absorption on the kaolin suspension does depend on the amount of mineral 
present. However, in all cases, in the near neutral pH region of interest, 
the kaolin suspension attracts a substantial portion, 70-80% of the total 
activity, of the dissolved waste ions. This finding should substantiate 
the hypothesis that the possibility of waste-ion migration by means of 
particulate transport competes strongly with the conventional approach of 
dissolved-ion mobility controlled primarily by ion-exchange interaction 
with surrounding rocks. 
CO
2 
Content in Groundwater 
From an early stage of this project the question has been raised 
whether carbonates or free CO
2 
had a significant effect on particulate 
adsorption. Quoted groundwater CO
2 
concentrations have been in the range 
of 20-40 ppm. Because of the presence of carbonate minerals in some of the 
rock specimens used, a carbon analysis has been performed on the rock- 
43 
Table 15 





PH Net counts per minute % initial activity Kd 
Initial Final Tracer 
Water 
per ml Tube Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
1Sh 0.05 7.94 7.56 17167 146.9 1245 230 12777 1.3 74.4 14.4 31 1060 
2Sh 0.1 7.45 7.46 17199 387.3 1125 338 12428 2.0 72.3 38.0 9 391 
3Sh 0.2 7.61 7.50 16915 943.1 1181 422 7200 2.5 2 93 
4Sh 0.5 7.74 7.63 17273 494.5 1086 814 11703 4.7 67.7 46.0 3 288 
5Sh 1.0 7.56 7.58 17408 475.6 1191 1734 12114 10.0 69.6 46.0 4 310 
IS 0.05 8.78 8.03 17360 676.5 1291 119 10305 0.7 59.3 65.7 4 186 
2S 0.1 8.78 8.12 16974 680.3 1312 124 9702 0.7 57.2 67.5 2 174 
3S 0.2 8.53 7.98 16806 594.7 1311 299 9270 1.8 55.0 53.1 3 190 
4S 0.5 9.46 8.37 17211 559.9 1375 584 9325 3.4 54.2 54.8 2 203 
5S 1.0 8.79 8.17 17301 691.5 1300 675 10781 3.9 62.3 57.6 1 222 
S = sand 
Sh t. shale 
Table 16 





PH Net counts per minute % initial activity 
Kd 
Initial Final Tracer 
Water 
per ml Tube Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
1Sh 0.05 6.71 6.47 9944 88.1 112 646 6980 6.5 70.2 14.9 147.0 1523 
2Sh 0.10 6.48 6.48 10428 113.1 120 812 7280 7.8 69.8 18.3 72.0 1238 
3Sh 0.25 6.50 6.60 10282 94.0 114 1030 7111 10.0 69.2 15.4 44.0 1455 
4Sh 0.50 7.13 6.94 9477 60.5 117 1135 7504 12.0 79.2 10.8 37.0 2384 
1S 0.05 6.65 6.13 11131 162.4 107 348 8677 3.1 77.9 24.5 43.0 1027 
2S 0.10 6.55 6.62 9651 148.8 110 639 6988 6.6 72.4 26.0 43.0 903 
3S 0.25 6.68 6.51 9802 185.1 112 717 6740 7.3 68.8 31.8 15.0 700 
4S 0.50 6.97 6.51 11484 147.7 115 1053 8392 9.2 73.1 21.7 14.0 1092 
1B 0.05 8.86 8.62 9841 125.1 110 1587 6238 16.1 63.4 21.2 254.0 959 
2B 0.10 8.66 8.65 9723 93.1 97 949 7169 9.7 73.7 16.1 102.0 1481 
3B 0.25 8.48 8.35 10027 131.5 113 1626 6221 16.2 62.0 22.1 49.5 910 
4B 0.50 8.60 8.57 9937 172.9 86 1697 5771 17.0 58.1 29.3 19.6 642 
1L 0.05 9.04 8.83 9611 158.0 75 1234 5849 12.8 60.9 27.7 156.0 714 
2L 0.10 8.55 8.50 9972 103.2 102 1562 6612 15.7 66.3 17.4 151.0 1232 
3L 0.25 9.20 8.87 9437 144.1 107 1467 5627 15.5 59.6 25.7 41.0 751 
4L 0.50 8.78 8.64 9561 90.0 130 1991 6239 20.8 65.2 15.9 44.0 1333 
1B 0.05 7.04 6.36 9832 150.3 103 810 7300 8.2 74.2 25.8 107.0 934 
2B 0.10 7.12 6.83 9356 161.6 115 867 7165 9.3 76.6 29.1 54.0 853 
371 0.25 7.22 6.84 9364 168.0 102 1110 6446 11.8 68.8 30.2 26.0 738 
4B 0.50 7.35 6.82 12863 141.7 99 1803 9557 14.0 74.3 18.6 25.0 1297 
1L 0.05 7.82 7.03 11503 125.6 113 921 8666 8.0 75.3 18.4 147.0 1327 
2L 0.10 7.83 7.24 12292 95.7 95 1019 10085 8.3 82.0 13.1 106.0 2026 
31, 0.25 7.88 7.30 9100 92.3 87 1230 7355 13.5 80.8 17.1 53.0 1533 
4L 0.50 7.89 7.37  11301 89.1 101 1517  8445 13.4 74.7 13.3 34.0 1823 
..., 
Sh = shale 
	
B = basalt 
S = sand L = limestone 
equilibrated waters used in this work. 	Table 17 contains the results 
obtained. It would appear that the HCO
3 
concentrations found are so high 
that additional trace CO
2 
would be of little consequence. One may assume 
that any CO 2-related effects will be included in the adsorption co-
efficients measured for equilibrated waters. 
SUMMARY OF RESULTS 
Substantial progress has been obtained during the quarter to measure 
adsorption characteristics of the mineral columns for suspended kaolin 
particulates. Both filter coefficients and adsorption coefficients have 
been obtained for sand with various types of water and for some of the 
other test rock media, and this work continues. With equilibrated waters, 
in general, the particulate retention is small, giving them a fairly long 
range, whereas in saline waters attachment to rock surfaces tends to be 
higher. Several systems exhibit a delayed elution peak in the effluent 
activity, suggesting a sorption-desorption mechanism that is being 
studied. The investigations on the effects of sodium and calcium ions on 
the particulate attachment to mineral surfaces are the subject of a sepa-
rate report due to be issued shortly. 
Absorption measurements in three-phase systems, rock-kaolin suspen-
sion-tracer solution, have shown that for Cs, Tc, and Pu tracers, at the pH 
pertaining to rock-equilibrated solutions, tracer uptake on the suspended 
material can be substantial and can remove a significant fraction of the 
dissolved activity. This finding tends to confirm the reality of particu-
late transport as an alternative pathway. 
An ethylene glycol procedure for the measurement of surface area has 
been set up to obtain data on the rock and mineral samples used in this 
study. The accuracy of the method is still not satisfactory, and it is 
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Table 17 
Carbon Content of Equilibrated Waters 
Reported 
Mineral C found 
PPm PPm 
High Low Average 	Number 
of values 
Basalt 489 2606 242 84 176 5 
Limestone 53 213 460 74 - 	228 14 
Sand 5.7 23 346 8 119 5 
(Quartzite) 
Shale 123 655 642 0 356 14 
Rounded to whole numbers 
Note: This assumed all carbon present is HCO 3- 
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undergoing some further procedural modification. Tests have also been 
done to measure the carbon content of the equilibrated water to determine 
• if CO
2 
concentration play an important part in this process. 
To answer the question regarding the relative importance of this 
pathway compared with the commonly-assumed pathway for dissolved ions, 
whose migration is mainly controlled by ion-exchange sorption and desorp-
tion on mineral surfaces, one would probably need to define a design-basis 
scenario for each type of repository with "realistic" assumptions regard-
ing the scale and flow rate of the water invading the repository and its 
basic characteristics. Current thinking for basalt, for instance, seems 
to focus on water at pH 10.4 and 60 °C temperature, conditions that are far 
removed from those for which most K
d 
measurements have been published. The 
magnitude of the particulate pathway depends on the assumed concentrations 
of suspended clay particles in the invading stream and the degree of 
surface cracking in the vitreous waste matrix. For any substantial 
particle concentrations a major portion of the dissolved ions may well be 
removed from solution by attachment to the particulates. Subsequent par-
ticulate movement then will depend on the nature of the assumed aquifer, 
whether it is porous or fractured. 
One would expect that those ions that are most strongly retarded by 
ion exchange, such as cesium, would also be absorbed on clay particles most 
strongly and thus can potentially have a longer migration range. For 
plutonium the alternative pathways would vary significantly with pH and 
oxidation state. For a given set of design-basis conditions one could then 
set up a matrix of comparative conditions for different media to compare 
migration as dissolved ions or on particulate vectors. Table 18 outlines 
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Table 18 














Sand 	 Basalt 
deionized saline 	deionized equilib. 
Limestone 
deionized equilib. 
Note: sol - dissolved ion in solution 
partic - migrating adsorbed on particulates 
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this approach which will be pursued in the coming months; entries would 
involve retardation constants for each of the two alternative pathways. 
Work planned for the current quarter includes tests with continuous 
kaolin feed to the columns, determination of adsorption coefficients for 
equilibrated waters in other bed media than sand, and measurements on other 
suspensions than kaolin both with regard to tracer collection and to their 
attachment in the mineral columns, as well as improvements in the surface 
area determinations. 
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SUMMARY 
The objective of this work is the study of the uptake of dissolved 
radionuclides leached from waste material by water onto suspended 
colloidal particulates and their subsequent transport through permeable 
media. Vertical columns packed with basalt, limestone and other media have 
been set up to observe the migration of labeled particles. It has been 
shown that such particles do, in fact, migrate and are adsorbed to a 
limited extent depending on the type of particle and bed medium rather than 
physical hindrance. The attachment on waste ions on such particles has 
been observed from distilled water, rock-equilibrated and saline waters 
and, as expected, depends on concentration, competition with other 
dissolved ions, pH, and effective surface area. The latter does not 
necessarily stay constant since agglomeration of kaolin particles occurs 
in brines. The implication of this on waste migration from salt beds and 
in adjacent strata is also being studied. 
The work reported here confirms that particle attachment is a viable 
alternative pathway for leach high-level waste materials from deep 
depository in case of irruption of water into the depository zone. Only 
qualitative data have been obtained so far; more quantitative information 
will be required before migration and attachment probabilities can be 
estimated and potential population doses from this pathway can be 
computed. 
iii 
Mobility of Radioactive Waste Materials 
in Subsurface Migration by Particulate Transport 
Annual Progress Report, Period Oct. 1, 1978 - Sept. 30, 1979 
INTRODUCTION  
The safe disposal of high-level radioactive wastes arising from the 
operation of nuclear power plants is considered one of the more urgent 
aspects of the nuclear fuel cycle that require extensive evaluation 
because of the very long time scale involved. Although the general tech-
nical feasibility of several disposal concepts has been demonstrated, 
there is still a need for quantitative information on several geological, 
geochemical and hydrological parameters, that would have a bearing on the 
long-term stability of solidified waste, and on the form and rate of 
migration through subsurface aquifers of any dissolved or remobilized 
fraction of the radioactive material. Present concepts envision the deep 
disposal, in bedrock or bedded salt, of solidified wastes in calcined form 
incorporated in a stable glassy or ceramic matrix. Various scenarios have 
been postulated for the subsequent fate of this material. The one of 
principal concern assumes the incursion of ground water into the disposal 
area, through seepage or by thermal or mechanical fracture effects in the 
surrounding rock. It is conjectured that this water may slowly leach out 
some of the waste material and then transport it horizontally or vertically 
through water-bearing strata or fissures under hydrostatic forces. Depen-
ding on flow rates and on intermediate sorption processes, some of the 
waste products may conceivably reappear in surface waters. Two types of 
transport can be envisaged: 	one involves the movement of dissolved 
radioactive ions, remaining in solution but subject to 	adsorption/ 
desorption effects on exposed rock surfaces, that may lead to a modified 
migration rate and may retain selectively those ions and complexes that are 
absorbed most strongly. The other, which is the subject of the present 
project, assumes that a finite fraction of the dissolved activity may 
adhere to very fine particulates and be carried by them, subject primarily 
to surface forces between moving and stationary mineral surfaces and to 
competitive sorption effects between the water-particle and water-rock 
surface interfaces. 
The existence of such fine particulates in groundwater has been 
demonstrated by previous work at Georgia Tech (Champlin 1969, 1970) and by 
concurrent work under the DOE Waste Isolation Safety Assessment Program 
(WISAP). Fine colloidal clay particles may arise from diagenesis, from the 
existence of clay coatings on fractured rocks, and have been observed 
during sample preparation of various mineral samples of rocks thought to 
simulate material encountered near potential depository sites (e.g. PNL-
2835-2). If there is significant adsorption of dissolved radioactive 
waste atoms on these particulates, they may serve as carriers through any 
deep aquifers giving the radionuclides a different and potentially longer 
migration range than they would have if they stayed in dissolved form in 
the water and their mobility and range were solely determined by exchange 
and adsorption phenomena on surrounding rock surfaces. For dissolved 
ions, such as Cs
+
, that undergo ion exchange readily, the range of 
migration may be very limited if only the dissolution pathway is 
considered. In such a case the greater mobility afforded by adsorption 
onto a colloidal suspended particulate that can travel more freely, though 
perhaps more slowly than the water movement itself, completely changes the 
picture as far as long-range distribution of trace radionuclides 
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around a flooded depository goes. For nuclides that do not form strong 
ions adsorption on particulates by other processes may be possible with 
consequent changes in migration range. Furthermore, due to ionization 
effects and the production of free radicals by radiolysis, attachment on 
particulates in the strong radiation field near waste containers may be 
favored and result in stable attachment which persists over long distances 
or time intervals. Investigations conducted so far have shown that such 
processes have a real probability of occurrence and must be taken into 
account when assessing the environmental impact of depositories and their 
licensability. This probability is independent of assessments of the 
likelihood of serious incursions of water into the depository site and of 
significant leachability effects in the solidified wastes. 
In the absence of any site-specific information on rocks or minerals 
the present project has taken a generic approach to the problem by 
selecting a range of materials for study that represent common species of 
minerals and rocks which are likely to be encountered in candidate 
depository locations. Similarly, the suspended particles used are repre-
sentative of colloidal suspensions expected in subsurface equifers. 
To avoid undue duplication with related research being done under 
other auspices the present project is emphasizing migration in saline 
waters, from salt bed repositories, in the possible presence of controlled 
concentrations of oxygen and CO
2 
though work is also proceeding on basalt. 
To ensure reproducibility, comparison measurements have to be done on 
anoxic water and freshly broken rock surfaces before changing either water 
or surface conditions. At the same time to retain a clear overview, some 
of the results obtained in parallel investigations will be quoted in this 
report. In keeping with the NRC principal mission, emphasis is placed on 
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obtaining quantitative data potentially relevant to candidate sites that 
may be of assistance in planning future licensing activities. 
OBJECTIVES OF THE WORK  
The principal objective of the work is to observe migration rates and 
mobilization processes of selected radioactive and activable ions under 
conditions that simulate expected conditions in the vicinity of waste 
repositories. There are two major phases involved: 
a. Observations on adsorption and desorption rates of dissolved 
waste components on particulates representative of those assumed 
to be mobile in deep aquifers; and 
b. Measurements of the motion of such labeled particulates through 
model aquifers composed of bed materials representative of 
anticipated site locations. 
There is a fairly large number of variables involved in these processes; 
Table 1 lists those Parameters which are considered to be of primary 
concern in the present study; the table has been updated and modified from 
the previous report. 
REVIEW OF EXPERIMENTAL WORK  
General Comments  
Four different phenomena are involved in this process and are being 
investigated in this project: 
1. Adsorption of dissolved waste ions on particles of different 
constitution; 
2. Competition between moving particles and surrounding rock 






Gas Bed Material Suspended Material Tracers 
Deionized Water None Sand Kaolin Na-24 
"Conditioned" Water Air Basalt Vermiculite Cs-137 
Saline Water CO2 
Granite Limestone Cr-51 
N2 Limestone Sand 







3. Interaction effects between particles and rock surfaces that may 
control particle motion; and 
4. Competition with other dissolved ions in the water for acces-
sible adsorption sites. 
It may be assumed that the adsorption-desorption processes do not 
depend on the slow motion of the particles and, also, that the rock-
particle interactions are not significantly affected by the presence of 
any adsorbed trace ion on the particle surface. These assumptions are 
based on the rather rapid exchange kinetics at the water particle interface 
where the concentration gradient is unlikely to be changed significantly 
by the very slow motion, of the order of kilometers per year or even 
decade, assumed to pertain to deep water-bearing layers that are not major 
aquifers. With regard to rock-particle interactions, these would depend 
largely on electrostatic surface effects which would not be significantly 
changed by a few attached trace atoms. (This situation would be different 
if there was appreciable radioactivity associated with any one particle so 
that there was significant radical ion formation around it.) For this 
reason, adsorption tests with transuranium tracers can be conducted almost 
independently of tracer tests on particle movement in a long column and 
this has resulted in designing the project plan along two parallel lines. 
In any likely scenario any movement of leached waste material would 
have to take place through both the depository host rock and through 
bounding layers, above or below it, which might consist of shale, dolomite 
or other common materials. For this reason other materials than the host 
rock (salt, granite or basalt) are of interest in predicting waste migra-
tion. 
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All depository site qualifications assume a dry host material with 
minimum fracture. Subsequent leakage scenarios assume infiltration of 
water through fresh fractures due to seismic effects, stress relief or 
thermal processes. Even then flow rates of water would be slow and waste 
migration would be governed by interaction with exposed surfaces along 
these fissures. To simulate these processes in a reasonable time scale, 
faster flow rates must be used in the laboratory and the exposed surfaces 
simulated by the use of crushed or ground material offering comparable 
surface areas. 
During the report period column tests were done primarily with basalt 
as the bed material. Void volumes were determined by means of a Cr-51 
tracer. In some tests kaolin particles were activated and Na-24 activity 
was used to obtain percolation and adsorption data. In other tests, Cs-137 
labeled particles were observed and retention profiles observed. 
Remobilization with a phosphate detergent was found to be only partially 
effective. Much of that previous work was repeated during the past quarter 
to obtain better consistency and to verify results. 
In addition, extensive studies had been done to determine the distri-
bution of Cs-137 and transuranium tracers in different liquid-solid 
systems. Such studies were conducted in "pure", "equilibrated" and saline 
waters under anoxic conditions; significant differences were observed, 
particularly under saline conditions where clumping of particulates 
occurs. The extent of this agglomeration is still being studied, 
particularly to determine the changes in size distributions of these 
clumps with salt concentration and time and their effect on transmigration 
through the bed. 
7 
A. CHARACTERIZATION OF MATERIALS AND CONDITIONS  
a. MINERALS 
As Table I indicated, mineral samples are required to simulate both 
the suspended particulates and the rock matrix bounding the aquifer or the 
depository. For the particulates, suspensions have been prepared using 
Georgia kaolinite, oolithic limestone, and vermiculite. Coarse mineral 
bed samples were prepared from specimens of basalt, limestone, dolomite 
and shale obtained through the WISAP program and fully characterized 
(Ames
4
). Batch Rd values on these materials have also been reported by 
Relyea and Serne. 5 Table 2 lists the source of the mineral samples. 
Coarse material was crushed and ground as needed in the Mineral 
Engineering Labs at Georgia Tech. Suspensions were prepared in large 
carboys to provide an adequate supply of material of consistent 
composition and concentration. No direct particle size distributions have 
been obtained so far. Centrifuged and dried samples have been examined by 
electron microscopy; such observations on kaolin particles will be 
reviewed later. Concentrations of suspended particles were controlled 
mainly by turbidity and optical transmission tests. Attempts are under way 
to standardize size distributions by comparison with calibrated latex 
suspensions. 
The basalt with which we have been working is a very tough material 
and there is a potential for contamination by wear from the surfaces of the 
crushing equipment. The basalt was received in the form of chunks, fist-
sized and slightly larger. Early samples were broken by hand with a hammer 
and then crushed between heavy cast steel rollers which were set 
successively closer together. The crushed material was fractionated by 
8 
TABLE 2. Rocks Utilized in the 20 to 50 Mesh Size 
Range in Task 4 Studies (from Ref. 4.) 
Argillaceous Shale 
	





Sentinel Gap Basalt Washington State Hiway 
243 Road outcrop 
between Beverly and 
Mattawa, WA 
Conasauga Shale 	Core Well No. OWI-OR-8 
depth 16 to 100 ft 
Donor 
Lawrence Livermore Labs 
Hugh Heard 
Wards Natural Science 
Establish. Cat. No. 47W7400 
Wards Natural Science 
Establish. Cat. No. 47W4670 
Pacific Northwest 
Laboratory, L. L. Ames 
Oak Ridge National Lab 
L. R. Dole 












Pile driver tunnel 	Lawrence Livermore Labs 
complex, 1367 ft below 	L. D. Ramspott 
the collar of shaft 1501 
Nevada State N901, 147 E 
677,016 
Core Well AEC 8 depth 	Sandia Laboratories 
3080.9 - 3083.5 ft D. W. Powers 
Los Medanos, N. Mexico 
Roadcut along N. M. 	Sandia Laboritories 
Hiway 31 near entrance 	D. W. Powers 
to IMC mine Sec 1, T22S, 
R29E 
Roadcut along N. M. 	Sandia Laboratories 
Hiway 62/180 about D. W. Powers 
7 miles South of 
Carlsbad airport, Sec 4 1 
T24S, R26E 
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screening. Some of the finer sizes were also produced by ball milling >15 
fractions in a ceramic jar with alumina balls. This also produces 
contamination; visible wear occurred on the jar. It is believed, however, 
that the ball and jar material was removed later as very fine particles 
when the subsequently screened fractions were repeatedly washed until no 
turbidity could be seen in the wash water. The basalt was then dried for 
storage until use. Subsequent samples have been precrushed with a jaw 
crusher. 
b. PHYSICAL AND CHEMICAL CONDITIONS OF DEEP GROUNDWATER  
To establish realistic test conditions an appropriate choice of 
experimental parameters is important. Three areas of specific importance 
to the present work are the nature and concentration of carbon dioxide in 
deep waters, the influence of diagenesis, and the effects and importance of 
"equilibration" of water with surrounding minerals. 
Estimates of the concentrations of dissolved CO2 in deep water seem to 
vary appreciably. I. W. Marine at Savannah River Labs has analyzed deep 
groundwater samples and reported concentrations of 10-40ppm.
6 
Though the 
source of water may be different in different candidate depository forma-
tions, that range of CO
2 
concentrations will be used in upcoming tests in 
the present project. Canadian measurements on the Lac Du Bonet batholith
7 
report CO2 concentrations of 13 and 45ppm. Various ways of attaining such 
concentrations have been examined, based on the known reaction constants 
for the CO
2
-carbonate system in water. No CO
2
-loaded water has been used 
so far. 
There has been disagreement among investigators as to the validity of 
data obtained using freshly crushed rock when extrapolation is to be made 
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to the actual conditions existing in the rock in situ. Surfaces in contact 
with groundwater for significant periods of time are subject to diagenesis 
and alteration of surface properties and characteristics. Obtaining and 
studying material with sufficient natural surface is not possible within 
the limitations of our work, so ground material has been used. 
"Equilibrated" water has been used in some instances to provide at least a 
more stable situation between the composition of the mineral surface and 
the liquid in contact with it. 
"Equilibrated" water has been prepared by keeping deionized water in 
contact with sizable portions of the mineral for extended periods (weeks or 
months). In some instances stirring was employed, and in others the water 
was gently refluxed. The equilibrated water is passed through a Millipore 
filter before use. Same properties of these waters are listed in Table 3. 
c. PROPERTIES OF THE PARTICULATES  
The behavior of kaolin particles in columns of crushed basalt has been 
studied, using deionized water as the carrier. 
The kaolin suspension had been prepared about two months before use by 
stirring kaolin in water and allowing it to stand. Samples were removed 
from the top for use. The suspension was prepared for use by centrifuging, 
decanting the supernatant, resuspending in water by ultrasonic agitation, 
and then repeating this sequence again. The resulting sol was activated by 





sec to provide an internal Na tracer. 
The morphology of the particulates was determined from electron 
micrographs. The particles shown on the electron micrographs were counted 
on a Zeiss counter and a probability plot (Fig. 1) was prepared. The mean 
11 
TABLE 3. Preparation and Properties of Equilibrated Water 
Method 	 Conductivity 
of Production* 	pH 	 (po/cm) Mineral 
Basalt Heated 7.59 55 
Basalt Stirred 7.10 94 
Shale Heated 6.96 630 
Limestone Heated 8.74 450 
Magenta dolomite Heated 8.62 1600 
Culebra dolomite Stirred 8.54 265 
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FIGURE 1. Kaolin Particle Size Distribution 
particle size was found to be 0.125 ± 0.03 micron. 	It was assumed 
initially that with particles this small, little mechanical entrapment due 
to physical hindrance or interstitial straining will occur in a 40/50 mesh 
medium unless particle agglomeration occurs; any radioactivity deposited 
in the column will, therefore, be due to particle immobilization by other 
mechanisms or by transfer of radioactivity to the bed material. Figure 2 
shows a typical electron microgram of the kaolin particles from a 
suspension. They are seen to be well-formed polygonal platelets, with some 
natural conglomeration occurring even in de-ionized water. So far no 
satisfactory method has been found for the measurement of effective 
surface areas of these particles. 
B. COLUMN FLOW TESTS  
To determine the potential environmental impact of particulate migra-
tion of high-level waste material, it is, of course, crucial to understand 
the factors that affect the range and mode of migration through various 
permeable media. These media may consist of geological contact zones, 
fractures and fissures, and aquifers in relative porous strata. To 
simulate the anticipated effects, which may be both hydraulic and surface-
chemical in nature, vertical flow columns packed with various mineral 
grains have been set up and subjected to water flow at low flow rates, both 
upwards and downwards. In fact, it is also important for regulatory 
purposes to demonstrate that a significant fraction of any leach waste 
material could migrate by means of particulate carriers. 
A large part'of the investigative activity has centered around flow 
studies involving the behavior of labeled particles when introduced into a 
packed column of granular mineral matter. 
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FIGURE 2. Electron Microgram of Kaolin Dispersion 
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COLUMNS  
In order to monitor more closely the radioactivity of column 
effluents during long runs at low flow rates, a continuous flow system was 
assembled as shown in Fig. 3. The tubes consisted of polycarbonate, 0.5 
inch inside diameter, 24 inches in length. A septum was provided so that 
injection can be made by hypodermic needle into the top of the column. The 
bed material was retained in place by fine-mesh polyethylene screens 
located at the top and the bottom. 
The crushed rock was added through a column of water, both to 
eliminate trapped air and to slow the settling rate, providing better 
packing. Packing was also improved by rapping the side of the tube during 
filling. Initially, two columns were run in parallel. 
Several refinements in column design have been made during this year, 
although their basic configuration has remained unchanged. Approximately 
ten standardized columns have been fabricated, and a typical one is shown 
in Fig. 4. Although the prototypes were constructed of acrylic plastic 
tubing, the superior strength of polycarbonate tubing of the same size has 
necessitated its use in the current columns. End flanges and caps are 
acrylic plastic and flow fittings are polyethylene. 
In early experiments, flow was provided by the force of gravity from 
an elevated carboy ( - 2 m head). Within the last quarter a multichannel 
tubing pump has been acquired, and will be used in all future tests. 
Pulsation in the flow is damped out by the use flow restrictions. Flow 
rate is monitored with flow meters. 
Hydraulic conductivity was not measured for these columns, but for 
similar columns filled with the same material it has usually been about 
0.1cm/sec. Column pore volumes and porosities were determined by 
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FIGURE 4. View of Adsorption Columns 
injecting a chromic acid tracer containing Cr
51 
produced by neutron 
activation in the GTRR. The accuracy of this method was verified for one 
column by weighing the dry components before the column was filled, filling 
the column as usual and weighing the full, wet column. Results for the two 
methods agree within 2%. Later tests have used the chromic acid method 
entirely, because it more nearly measures the pore volume involved in flow, 
which would be expected to be slightly smaller than the total pore volume. 
The effective porosity was around 45%. Using these values, it can be 
calculated that the average effective pore diameter was approximately 70 
Pm. 
Tests performed on the columns were of two types; movement of ionic 





prepared and injected. Its appearance in the effluent was monitored by 
collection of the effluent in successive planchets, drying, and counting 
of the characteristic gamma ray peaks with a NaI(T1) system. 
Is in the area of particle behavior in crushed rock columns, tests 
this year have used kaolin clay, both because of the prevalence of clay in 
natural systems, its ease of preparation, and its convenience of use. 
Future tests are planned with other kinds of particles. 
MATERIALS  
Crushed Rock  
The rock used in these initial tests was Sentinel Gap basalt as 
distributed to all subcontractors. This material was broken in a jaw 
crusher, screened, and washed. The 40-50 mesh (355-425 pm) fraction was 
used for column packing. 
Repeated washing removed obvious foreign bodies from the basalt, but 
some magnetic particles remained. These impurities were not discovered 
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until recently and are relatively rare. Furthermore, many of them are 
apparently mineral. (Basalt contains appreciable magnetite.) Since redox 
conditions are not expected to be important in particle behavior, it is not 
thought worthwhile to attempt to remove the few metallic slivers at the 
cost of removing a substantial portion of the magnetite. 
Clay Suspension  
In July, 1977 a stable suspension of clay particles was prepared by 
the prolonged ball milling of Hydraglos kaolin obtained from the J. M. 
Huber mine and production facility at Wrens, Georgia. The size 
distribution of these particles was determined in October 1978 by the 
analysis of photomicrographs (prepared by the Engineering Experiment 
Station at Georgia Tech) using an optical Zeiss counter (School of Chemical 
Engineering). This distribution is shown in Fig. 1. The mean particle 
size is found to be 0. 1 25 m. No explanation is apparent for the observed 
normal size distribution (when log-normal was expected), other than the 
relatively small number of particles (277) analyzed in its preparation. 
The suspension has appeared to be stable over the reporting period, and no 
further size determinations have been made. 
Prior to use in the columns, kaolin is concentrated from S0-100 ml of 
the stored suspension by centrifugation until the supernatant is visually 




solution buffered to pH 5 with acetic acid and potassium hydroxide. The 
suspension is then lightly boiled for 15-30 minutes to remove organic 
contaminants and to place the surfaces as much as possible in potassium 
form. Multiple rinses follow. Irradiation for 1-2 hours at 10 13 
neutrons/cm
2/sec in the Georgia Tech Research Reactor results in the 
activation of sodium in the clay structure to 15.0-hr Na
24
. The strong 
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gamma rays from this radionuclide are used to trace the kaolin's position 
in the columns and its arrival in the effluent. 
Mobilizing Solutions  
Initial work was performed with distilled, deionized water as the 
mobilizing solution. Its fairly high purity makes routine determinations 
difficult, but its resistivity is approximately 2 megohm-cm, and its pH is 
about 4.5. Later work with slightly saline waters used this water and 
weighed amounts of NaCl. These slightly-saline waters are much better-
poised and have near-neutral pH. 
PROCEDURES  
Physical Characterization of Columns  
It is naturally important to have a measure of the basic physical and 
hydraulic characteristics of each bed. Void volume and hydraulic 
conductivity are measured, from which porosity, effective pore size, and 
pore flow velocity may be calculated. 
Void volume was measured by the injection of a presumed non-
interacting tracer (Cr
51-tagged chromic acid) and the determination of its 
y-ray count rate in successive effluent samples. Curve fitting and 
interpolation of the discrete data points allows the computation of volume 
where the specific activity peaks, which is the void volume. Recently, 
EDTA-complexed Cr
51 has been used to ensure the unimpeded passage of the 
tracer, and the tracer recovery of (>98%) and peak sharpness (full-width 
at 0.1 of maximum - 0.2 void volumes) have been so satisfactory that its 
continued use is anticipated. Porosity is then calculated from the known 
volume of the bed envelope (77.2 cc), and was usually - 50%. (The 
divergence of this from the porosity (36%) of a hexagonal close-packed 
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structure which would be anticipated if the bed grains were spherical, is 
explained by the fact that the grains are in fact more like jagged 
slivers.) Pore velocity is - 1.6 cm/min. 
Hydraulic conductivity is determined by the treatment of the entire 
column as a falling-head permeameter. The conductivities so measured 
generally fall between 0.07 and 0.095 cm/sec, and average - 0.085 cm/sec. 
From the Carman-Kozeny equation
9 
 one can then calculate the mean hydraulic 
radius of pores in the bed as - 14.6p m. The diameter of such a theoretical 
pore would be 4 x this value, or -58 pm. Thus, the average pore is about 
250 times the size of the 99th percentile kaolin particle. 
Tracer Tests  
Following column characterization, the main tracer tests were done. 
Regardless of whether the tracer is ionic or particulate, the same 
procedures were followed. 
Since columns usually sit some days or even weeks between tests, they 
are first flushed with 20-30 void volumes of the influent to be used in the 
experiment. Flow is then shut off and the inlet line clamped. A standard 
sample of the tracer to be used is prepared by reserving a weighed aliquot 
of the tracer in one of the sample containers, which is then dried and 
counted at the same time as the effluent samples. 
The columns were tested with runs involving dissolved Cs
137 
introduced into a basalt column. No radioactivity was observed in the 
effluent during the following 60 hours during which 20 column void volumes 
passed through the system. Higher flow rates and the injection of 30 ml of 
0.1 M NaC1 solution resulted in no observable activity in the effluent, but 
activity was observed after 60 ml saturated (approximately 6.2 M) sodium 
chloride solution was passed through the system. The eluted isotope 
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amounted to about 1.4% of the quantity injected. A scan of the column 
showed that the balance of the activity was still in the column, 
concentrated in the top 10 cm. A small amount of a brownish, fluffy 
precipitate was observed in the final collection flask. It was found to 
contain iron (thiocyanate test) and is believed to have been iron 
oxide/hydroxide/hydrated oxide that originated in the basalt itself, as 
there was no metallic iron in contact with the liquid anywhere else in the 
system. The importance of the precipitate is at present unevaluated, but 
clearly could be of significance as a particulate carrier of 
radioisotopes. 
IONIC AND PARTICULATE TRACER TESTS  
Ionic Sodium  
Despite the pretreatment of the kaolin particles to place their 
surfaces in potassium form, it is still possible that some Na ions might 
remain on their surfaces only to be released in the columns and complicate 
the observed effects. Thus, it was worthwhile to briefly explore the 
behavior of Na ions in a basalt bed. 
In one of the activated particle tests, 20 mg of kaolin particles were 




in a KOH-acetic acid 
buffer not only served to remove extraneous organic matter, but placed the 
particle surfaces in K
+ 
form prior to irradiation. Since the activity 
detected in the particle tests was also 
24
Na, it is clear that the 
particles themselves were being detected, and not ions bound on, or 
released from, their surfaces. Through a fortunate accident, the tests 
were not performed in the same order on the two columns. For Column A, the 
particle test was performed before the ion test. For Column B, the 
particle test was performed after the ion test, and was followed by another 
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ion test. This change had a profound effect on the results. 
In neither particle test was significant kaolin carried through the 
crushed rock column. The sample count rates fluctuated near background for 
both columns, showing a carry-through of - 0.1% of the injected activity 
recovered in a small peak at about one column volume. Although elution was 
carried out to approximately 20 column volumes, no other counts were 
registered above twice the standard deviation of the background. In fact, 
for Column B all the counts, including the small initial peak, fell below 
In the Na ion test performed before the particle test on Column B, 
essentially all (98%) the 
24
Na was recovered in the first 1.5 column 
volumes after injection, with the peak appearing at precisely 1.0 column 
volume after injection (Fig. 5); that is, the sodium ions were nearly 
unaffected by their passage through the column. The ion tests carried out 
after the particle tests showed behavior which was both similar in some 
respects and radically different from the before-particle ionic sodium 
test. The elution profiles are shown in Fig. 6. 
Total recovery of the 
24Na was much smaller than in the earlier case. 
For each column, the initial one-column-volume peak contained only - 10% of 
the injected activity. Scanning the columns with a C-M survey meter showed 
the activity to be concentrated in the top-most few centimeters--the same 
area where the kaolin particles had been at the end of the particle tests. 
This suggested that the kaolin particles sorbed on the basalt were acting 





of the same molarity as the initial injection of Na 2CO3 was 
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injection. Each of these injections removed one-fifth to 
one-fourth of the initial activity in a peak which appeared about 1.1 
column volumes after the injection. After each treatment, the remaining 
24Na activity in the column was observed to have moved farther along the 
column length, again suggesting a simple ion exchange. 
A typical elution curve is shown in Fig. 6. This test was performed 
with the distilled, deionized water as the driving solution. In several 
replicates of this test, 9.8 ± 1.5% of the sodium appeared in the first 3 
void volumes of effluent (first peak). The effect of K2CO3 
as an eluting 
agent was tested by the injection of an amount equivalent in concentration 




injection. This removed 17.7 ± 2.5% of 
the remaining activity in the columns in the following two void volumes 
(where one void volume is required for the front simply to traverse the 
bed). Repetition with a similar amount of K 2CO 3 eluted 30 ± 5% of the 
activity then remaining. These two elutions are the second and third peaks 
in the figure. One may then conclude that sodium ions are only moderately 
bound by basalt and are readily eluted by the introduction of potassium 
ions. 
Similar behavior of sodium ions was observed whether inactive kaolin 
particles were also present in the columns, or not. 
It is not known at this stage whether the activity was moving with the 
particles remaining in the column or whether it moved as free ions. This 
point will be elucidated by tests in the coming quarter. Now that these 
effects have been observed, a protocol for the next campaign of tests has 
been devised to attempt to duplicate the observations and high-light the 
more interesting effects. Among other refinements, the particle tests 
will include efforts to elute them with an ionic front of the type used in 
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the second ion tests; since higher salt concentrations cause clay colloids 
to agglomerate, it will be a surprise if they do move. Secondly, since 
skeptics have suggested that the kaolin particles are retained by 
straining and plugging pores, hydraulic conductivities will be measured 
both before and afterthe campaign in an effort to detect any decrease in 
conductivity due to plugging. 
MEASUREMENTS OF COLUMN TEST PARAMETERS  
A parallel set of column runs was conducted to check consistency of 
results and to explore experimental variables. 
A vertical tube with a gas sparger was included between the water 
reservoir and the column. Nitrogen flows through the sparger during 
experiments when oxygen is to be excluded. In future experiments, carbon 
dioxide or other gases may be introduced in this manner. During operation 
a constant head is maintained on the column by adjusting the flow from the 
main reservoir to match the rate of flow from the vertical tube. In-line 
flow meters are used to measure flow rates which can reach 10 or 15 
ml/minute when all valves are opened, although typical flow rates are 
around 1 ml/minute. 
It is believed that wall effects are negligible when the inside 
diameter of a column is 30 or more times the diameter of the granular 
particles. Packings of materials with sizes not exceeding the limit of 30 
diameters have, therefore, been used with preference for the 40/50 mesh 
screened fraction. Although smaller particles provide greater surface 
area, in packed columns their permeability is proportionally lower, and 
adequate flow rates are difficult (or impossible) to attain. 
Considerable difficulty has been encountered with the entrapment of 
air during column filling and also the appearance of air bubbles at other 
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times. Some water is placed in the column and the bed material is slowly 
added while tapping on the column. A bubble-free column is produced if 
each increment of granular material is thoroughly wet and packed into 
position before more is added. Leaks in the system and changes in 
temperature and pressure produced bubbles whose presence is considered 
highly detrimental. Continued reverse flow with gentle to moderate 
tapping generally removes bubbles within a reasonable time, although it 
was necessary at times to open the column and probe the packing to remove 
bubbles from the last 3 or 4 cm. 
The total capacity of the column could be easily calculated, but it 
was necessary to measure the void space, or porosity, of the packed bed. 
Two methods were used to make this determination and they agreed very 
closely. The direct method consisted of weighing the column and the 
filling material, and then weighing the filled water saturated column. The 
difference in weight was due to the water added. It was believed that this 
procedure would give the maximum value, as it would take into account all 
water in the column, including any stagnant volumes that might not be 
involved in any method involving flow. 
The second method of porosity measurement used is to inject a known 
amount of chromium-51 solution into the column via the septum. As there is 
essentially no interaction between the chromium and the bed material, it 
passes through the bed and emerges as a slug at one column volume of water. 
The effluent is collected incrementally in planchets which are reweighed 
and counted to determine when the peak of the chromium activity emerged. 
The values obtained were in excellent agreement with the other method, 
leading to the conclusion that little (if any) of the liquid is not 
accessible to the general flow. 
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A chromium tracer determination from which a gross liquid volume of 
39.36 ml was deduced is illustrated in Fig. 7. Subtracting the 3.8 ml 
volume of the inlet and outlet connectors, a net void space of 35.56 ml was 
obtained. This was 46.05% of the total calculated column volume. 
A support system was constructed to provide a fixed and reproducible 
geometry between the column and a small collimated sodium iodide crystal 
detector. The detector was attached to a sliding shelf that fits into 
grooves in the frame as shown on the left in Fig. 8. With a column in 
position-, it is possible to scan the column in increments as small as 6 mm 
to determine the pattern of radioactivity deposited (or at least present) 
in the column. A lead collimator for the detector was made which employs a 
3/32" slit and fits half way around the column. 
The initial run was made in a 40-50 mesh basalt column using an acti-
vated kaolin sol as the tracer. Activation of kaolin produces a tracer 
witha strong gamma-ray photon due to the trace sodium content of kaolin. 
The use of a tracer that is incorporated within the particles is 
advantageous as it largely eliminates uncertainties associated with 
possible release of tracer elements that are held only on particle 
surfaces. 
A11 column runs have employed the same procedure that is described 
here. Activated kaolin sol (1.629g) which typically showed a count rate of 
305,323 cpm was injected into the column and washed through with distilled, 
deionized water at a rate of 2-3 ml/minute. 
The column effluent was caught in approximately 6 ml fractions on 
planchets that were weighed, the liquid evaporated, and then reweighed. 
The planchets were then counted on a sodium iodide crystal detector. To 
facilitate comparison of results between different columns and packings, 
30 
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FIGURE 7. Porosity Determination 
FIGURE 8. Support Frame for Collimated 
Detector 
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all data were correlated with column volumes, based on the porosity 
determination. The results of such a run are given in Fig. 9 which shows 
the relation of recovered tracer to flow through the column. A total of 5 
column volumes of water was collected and this was found to contain 14.96% 
of the total injected tracer. At this point the effluent contained about 
0.5% of the total activity in each portion, but the quantity was 
decreasing. The appearance of air bubbles in the column (later found due 
to a crack in the column) terminated the experiment, leaving about 85% of 
the activity in the column. 
The column was then clamped off and placed in the holder for scanning 
of activity. The distribution curve obtained was similar to that from an 
uncollimated detector moving along the total length of a line source. This 
led to further tests of collimator resolution. A thin Co
60 
source was used 
in a variety of positions around the collimator and it was concluded that 
collimation was quite adequate for all low-energy tracers. However, 
sufficient collimator leakage occurred with the 2.75 MeV photons from Na
24 
to affect the distribution curve in that case. To test the competitive 
effect of complexing, attempts were made to remove the remaining activity 
by rinsing with water containing a high-phosphate detergent, but this 
resulted in the removal of only 22.66% of the initial activity. 	The 
results are illustrated by Fig. 10. 	In considering these findings, it 
appeared possible that particle deposition might be occurring with 
simultaneous loss from the particles of active sodium ions which would 
continue through the column. To test this hypothesis, a solution of sodium 
ion was activated and injected into the column. Figure 11 shows the 
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one column volume of effluent. Full recovery was made within three column 
volumes. 
Activated Kaolin  
The main item of interest in this portion of the project is the 
behavior of particles in the beds, and this has now been observed for 
kaolin in basalt, where the carrying solution was of four different 
salinities. In all cases, the data quoted are averages of two or more 
replicates performed under the given conditions. 
a. Distilled, Dei•nized Water  
A typical elution profile for treated kaolin in distilled, deionized 
water is shown in Fig. 12. Note that the peaks are 10 x lower for the 
kaolin particles than for the ionic sodium. In each case, a small peak 
appeared at 1 void volume (ITV), containing approximately 1% of the injected 
activity. In tests carried out to more than 15 VV of effluent, there was 
only a steady decline in sample specific activity with no other peaks 
appearing spontaneously. 
The effect of K2CO 3 on the particles was examined as it had been with 
the ions. Since so much less sodium is present in the particulate tests, 
the effect of 
K2CO3 
might be expected to be profound if the assumed 
particulate activity were in fact ionic. This was not observed. As the 





as had been used in the ionic tests succeeded in removing less than 
0.5% of the remaining activity either time. It was noted however, that the 
longer-term elution rate following an injection was about twice as high as 
prior to the injection, although it declined slowly. 
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FIGURE 12. Elution of Kaolin in Distilled, Deionized Water 
trapped in a crushed basalt bed in low-conductivity water, and are quite 
resistent to leaching. 
In another column run activated kaolin was used, but was first treated 
to replace any loosely held sodium ions by potassium ions. Flow was 
stopped after 15 column volumes had passed through, with only about 1.5% of 
the total activity in the final volume. A total of 29% of the activity 
passed through, and these results are given in Fig. 13. 
Comparison with Fig. 8, with untreated kaolin, shows some differ-
ences. At 1.5 column volumes, nearly 5% of the injected tracer had been 
collected in the effluent as compared to only 2.5% of the potassium-treated 
kaolin. At 5 column volumes, the values were 17.5% and 5% respectively. 
It is therefore assumed that with untreated kaolin, ionic sodium (sepa-
rated from the kaolin particles) was a major contributor to the activity 
which passed through the column. The two plots (Figs. 8 and 11) are 
similar, and both reveal a second point of inflection at which the rate of 
activity recovery in the effluent increases. 
A scan of the column following the treated kaolin is given in Fig. 14 
and is different from that of the untreated kaolin. The evidence of the 
treated material is that the immobilized activity is highest at (or near) 
the top of the column and decreases steadily toward the bottom. This 
curve, although subject to considerable fluctuations due to the low count 
rate involved, is more typical of the deposition pattern of particles in a 
porous medium. 
Additional work on the use of kaolin particles with sorbed tracers is 
under way. An experiment has been performed in which kaolin particles were 
allowed to stand in contact with Cs 137 for 3 days. They were then washed 
and prepared in the usual manner and used in a column run. The activity of 
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FIGURE 14. Distribution of Tracer Throughout Column 
the labeled particles was found to be too low for good counting statistics, 
but the results were plotted and are shown in Fig. 15. Using a non-
collimated detector, it was found that the highest level of residual activ-
ity in the column was at the top, and this fell off to background levels a 
few centimeters down the column. This experiment is being repeated using a 
higher concentration of Cs 137 solution which produces a higher specific 
activity in the kaolin particles. 
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Of particular interest was a series of column runs with 
2 
 - Np-labeled 
kaolin particles. Two parallel columns, one filled with basalt and the 
other with limestone, were observed over an 11-day period. Flow rate was 
1.25m1/min. 67% of injected activity was recovered after passing through 
the basalt column, whereas only 2% was recovered from the limestone column. 
Figure 16 shows the distribution of the 237Np activities in the two col-
umns. It is evident that in limestone most of the activity was retained 
near the top of the column, though only weakly, whereas in basalt there was 
an almost uniform distribution (the apparent rise in activity near the 
middle of the column is due to insufficient collimation, adopted to obtain 
adequate count rates). 
A major concern in this work is to identify what particles pass 
through the bed and what characteristics determine their range of migra-
tion. Effluent from the column is quite clear to the unaided eye, but in 
order to determine if any of the injected particles pass completely through 
the column, electron micrographs were made of effluent samples. The sam-
ples were collected after 1 1/2, 2, 2 1/2, 3, and 3 1/2 void volume of water 
had passed through. 	Figure 17 shows two examples of particles in the 
effluent. 	Particles of kaolin are easily recognized and found in all 
samples. It was noted that the particles appeared in clumps of varying 
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'FIGURE 16. Distribution of Np-labeled Kaolin Particles in Basalt and 
Limestone Columns 
FIGURE 17. Examples of Kaolin Particle Agglomerates 
in the Column Effluent 
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shapes and sizes. Although there is a slight possibility that this clump-
ing was caused by the technique used to prepare the samples for examination 
under the electron microscope, earlier electron micrographs taken of other 
samples of the same kaolin showed numerous individual platelets. 
The very low density of particles in the effluent, particularly in the 
final sample, does not provide any good statistics, but the number of 
clumps observed were in the approximate ratios as follows: 






Additional investigation is planned to ascertain if there is any change in 
size of the eluted clumps, or their component individual particles as flow 
through the column continues. From the limited data now available, the 
clump size seems quite variable; the colloidal aggregates seem to form in 
planar rather than global assemblies and this may have a bearing on the 
quantity of radioactive matter transported. 
b. 500 mg/1 (0.008 M) NaCl Solution 
The critical coagulation concentration for kaolin in water was mea-
sured here as -1000 mg/l. It was desirable to measure kaolin behavior 
both above and below this value, so the first value chosen was 500 mg/l. 
The specific conductivity of this solution is -10,000 mS/m (1000p mho/cm), 
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which is not out of order for any deep waters. The columns were pre-
equilibrated with 40 VV of this solution over 3 days before the test. 
The observed behavior is shown for one column in Fig. 18. In each 
case the very sharp, small peak at 1 VV contained only about 0.6% of the 
injected activity. But in this case a low, broad peak appeared spontane-
ously, beginning (on the average) at - 3.6 VV, peaking at - 5.9 VV, and 
trailing off beyond 15 VV. This peak contained 80-90% of the injected 
activity. The result of injecting a small volume of concentrated salt 
solution was insignificant compared to the main peak, eluting only - 1% of 
the remaining activity (small peak near 9 VV). The cumulative tracer 
recovery curve is shown in Fig. 19 (data for two runs). The point of 50% 
recovery is near 6.5 VV. 
c. 750 mg/1 (0.013 M) Salt Solution 
view of the interesting behavior outlined above, a similar series 
of tests was performed at a second salt concentration, but one still below 
the CCC, 750 mg/1 NaC1. The columns were equilibrated with this solution 
by flowing -20 VV of it through them over a period of 4 days. 
It was only in these tests (performed on the same day with tracer from 
the same batch) that significant activity was observed in the 1 VV peak. 
Figure 20 (plot averagad data for 2 columns) shows this peak, in which-28% 
of the injected activity appeared. 
A secondary peak was also observed beginning at - 3.1 VV, peaking at 
-5.4 VV, and returning to zero near 12 VV. It contained - 15% of the 
originally injected activity, or 20% of the activity remaining in the 
column at its appearance. This is also clearly visible in Fig. 20. 
It is not known at this time whether the high activity of the 1 VV 
peak is a real effect, or is attributable to some unrecognized difference 
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FIGURE 19. 	Cumulative Recovery of Kaolin in 500 mg/2, NaC1 Solution 
(Average for Two Columns) 
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FIGURE  20. Elution of Kaolin in 750 mg/2. NaCl Solution 
(Average for Two Columns) 
in particle preparation for these particular tests. Some additional in-
formation is available, however. While this test was going on, the efflu-
ent was also sampled for photomicrographs and the volumes and count rates 
corrected accordingly. The original intent was to determine size distri-
butions in the influent and in the primary and secondary peaks. This 
proved impossible because the salt film which accumulated on drying ob-
scured most of the particles and diffused the shapes of those that were 
visible. Subjectively, however, there seemed to be many. more particles in 
the second peak sample than in the first peak sample although the first 
peak sample had 70 times the count rate of the first! This lends consid-
erable support to the idea that something happened during the particle 
preparation that caused the injection of appreciable ionic sodium. Since 
the rock surfaces were already saturated with Na, ionic tracer would pass 
directly through, as was observed here. Confirmatory runs are planned for 
the near future. 
1250 mg/i (0.021 M) Salt Solution  
Two runs were also made at 1250 mg/l NaC1, which is well above the CCC 
for kaolin. Each column was again equilibrated with the new influent by 
the passage of - 30 VV over a period of 4 days. 
Figure 21 shows the average elution behavior under these circum-
stances. As usual (except in 750 mg/1 tests), the 1 VV peak contains < 1% 
of the activity. The secondary peak begins earlier still ( - 2.1 VV), peaks 
near 8 VV, and returns to 0 near 8 VV. It contains - 15% of the injected 
activity. 
Since there was only moderate migration of the particulate activity 
in this test, one column was subjected to an additional 10 VV of influent 
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FIGURE 21. Elution of Kaolin in 1250 mg/Q. NaC1 Solution 
(Average for Two Columns) 
what had been a condition very favorable to migration. No effect was 
observed as the count rate for all samples was statistically identical to 
background. 
Discussion  
An outline of the data accumulated on the behavior of kaolin particles 
in beds of crushed basalt is contained in Table 4. 
It is likely that two effects control the retardation and capture of 
particles by the bed: interstitial straining or trapping of large parti-
cles, and van der Waals bonding-double layer effects in small particles. 
Changes in solution salt concentration will affect both mechanisms. If the 
1 VV peak in the 750 mg/1 tests is considered suspect for the reasons 
outlined above, theoretical considerations will provide a qualitative un-
derstanding of the data. 
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Champlin has calculated the curves shown in Fig. 22. Dotted lines 
correspond to repulsive energy, while the solid diagonal is the attractive 
van der Waals energy. The curves were calculated for interactions of two 
kaolin plates, but similar curves were calculated for interactions of two 
kaolin plates, but similar curves would apply for any other two particles 
of like charge in water. (Kaolin, like most minerals, acquires a negative. 
charge in water.) He also showed elsewhere that a fine particle is more 
strongly attracted to a thick grain (such as is present in the columns) 
than it is to another particle at the same distance. 
This may be qualitatively transformed into the more familiar poten-
tial energy-distance curves of the type shown in Fig. 23. The salient 
characteristics are that the deep well becomes shallow for higher concen-






TABLE 4. 	Summary of Data on Kaolin Behavior 
Second Peak 
in Basalt 












0 1 N/D* 
500 0.6 3.6 5.9 >15 83 
750 25 3.1 5.4 12 20 
1250 1 2.1 3.6 8 15 
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FIGURE  22. Energy of Interaction 
Between Kaolin Plates 
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A: 10 7 M Salt 
B: 10-3 11 Salt 
C: 10- 1 Ti Salt 
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FIGURE .23. Net Potential Energy of Like-Charged 
Particles in Aqueous Suspension 
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The appearance of the second peak at higher concentrations arises, 
then, from small attractive forces exerted on the particles as they pass 
through parts of the pores that fall within the secondary potential energy 
well. The higher the concentration, the deeper is this well at any given 
distance, and thus the more likely are the particles to be retained and the 
less likely to be transmitted. The size of this peak should then decrease 
with increasing concentration as was observed. It should also be a broad, 
flat peak, because of the range of interaction distances and forces experi-
enced by the particles as they move from pore to pore in the bed. There is 
no second peak at very low concentration because the pores are too small to 
contain a secondary potential energy well. 
Most particles are presumably only delayed by passage through the 
secondary well because their kinetic energy pulls them free. However, at 
higher concentrations the secondary well is deeper and the attractive 
forces correspondingly greater. Thus, the particle may he slowed enough to 
be trapped in the secondary well, or even enough to stay in the primary 
well because it will stay under the influence of van der Waals forces 
longer in traversing a given length of flow path very near the bed grains. 
This implies higher total retention at higher concentrations as was ob-
served. 
Most particles that are captured rather than delayed will probably be 
bound in the deep or near well. From Fig. 23, one would expect that once 
the particles are already trapped an increase in salt concentration will 
release only a few of them (those nearest the outer edge of the well). 
This was observed when small amounts of concentrated solutions were ap-
plied to columns in which particles had been trapped at 0 and 500 mg/1 
added salt: there was a small but finite release of activity. 
57 
On the other hand, decreasing the salt concentration once the parti-
cles are trapped should place them deeper in the potential well and none 
should be released. This was observed when particles trapped at 1250 mg/1 
were treated with a large volume of 500 mg/1 solution; there was no statis-
tically significant release. 
Also favoring the capture of particles from solutions - 0.02 M or 
greater is their coagulation. They will 'We more easily strained out by 
changes in pore size. A decrease in salt concentration following particle 
coagulation produces resuspension at only a very slow rate. in the absence 
of physical agitation. 
Remaining to be explained is the observation that the second elution 
peak arrives, peaks, and ends sooner and sooner as concentration in-
creases. This seems to imply that those few particles that do carry 
through are actually less impeded than were the particles at lower concen-
trations, of which more passed throuh. No explanation of this apparent 
paradox is advanced at this time. 
ir:th the above exception, and assuming that the large 1 VV peak in the 
500 m-./1 test cannot be duplicated, the above mechanisms seem capable of 
explaining the observations recorded thus far. This theory makes at least 
three testable predictions: 1) A slower flow rate will give rise to a 
smaller, later secondary peak; 2) there may exist a salt concentration high 
enough that particle transmission will be nearly zero; and 3) there will be 
a break point at a relatively low concentration (perhaps 10 -4 - 10-6 M) at 
which profound changes in particle behavior will begin to be observed. 
These will be pursued. 
Until the range of concentrations is identified over which the parti-
cles can be expected to be delayed but not wholly retained, the 
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consequences of clay particle transport for a mined geologic repository 
will be unclear. Since the concentrations of groundwaters vary over a 
considerable range, it may well be that some formations will be materially 
better in this regard than will others. 
c. SORPTION EXPERIMENTS  
Particulate vectors contribute to radionuclide migration only to the 
extent that the trace atoms adsorb on the dispersed particles in the first 
place and stay on them as they pass through various aquifers under condi-
tions of varying pH, salinity, hardness and mineral boundaries. For that 
reason it is important to investigate the adsorption by particulates of 
representative trace elements, any desorption effects, and transfer pro-
cesses from particles to bed surface. 
a. ADSORPTION ON COARSE PA.RTICLES 
One of the principal mechanisms being studied is the adsorption-
desor-tion behavior of dissolved tracer on particulate surfaces. Adsorp-
tion studies have been conducted to determine the relative distribution of 
radiotracers between solid and liquid phases. 
The initial step in the study of the competitive forces has been to 
determine the distribution of Cs
137 
and Pu237 in different liquid-solid 
systems. The presumed lack of free oxygen in subsurface formations has led 
to a series of experiments under anoxic conditions. 
The general technique is to place 100 ml of the liquid in a flask with 
a known amount (usually 1 gram) of the mineral to be studied, and to add a 
known amount of radionuclide. Samples of the solid and liquid are sepa-
rated at intervals and the radioactivity of each fraction is measured. The 
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anoxic system consisted of flasks connected in series by flexible tubing 
through which a slow flow of water-saturated nitrogen was maintained. Each 
flask was provided with a Teflon-coated stirring bar and a magnetic stir-
rer. It was soon found that strong continuous stirring leads to a disinte-
gration of the mineral and/or stirring bar. The tough, abrasive particles 
of basalt, in particular, are very effective in grinding from the stirring 
bar fine particles of Teflon which float to the surface. The stirring 
regime was therefore changed and in subsequent runs the anoxic flasks have 
been stirred for only a few minutes at the time about twice a day. In those 
cases where no attempt to exclude oxygen was made, the flasks have been 
swirled by hand. Under these circumstances the mineral contacts all parts 
of the liquid, but there is no attritional change in the size of the 
particles. 
Several variations have been employed including equilibration of the 
137 Cs - 	solution with the flasks, to avoid uncertainties due to adsorption on 
the 
 
surface of the flank. Some unstirred flasks have also been included, 
but the true significance of this effect has not been well established due 
to the small volume of liquid involved, and the amount of inadvertent 
mixing caused by handling and sampling. It now appears, however, that 
stirring is not a factor of concern in these experiments. The presence or 
absence of oxygen also did not seem to cause any significant difference in 
the Cs
137 
results, although our system of oxygen exclusion was admittedly 
less than absolute. The nitrogen gas used is known to contain a few parts 
per million of oxygen, but based on its partial pressure, the dissolved 
oxygen in the water was obviously quite low. Table 5 summarizes the 
results obtained in several different runs. In each instance, only the 
radioactivity of the liquid is given, as determination of the activity of 
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TABLE 5. Summary of Cesium Adsorption Tests on Various Rock Types 





1. Sand(60-140 Mesh) No Yes 13,985 8,265 0.591 
2. Magenta(325-500) No Yes 17,175 1,245 0.0725 
3. Basalt(325-500) No Yes 19,060 464 0.0243 
4. Shale(250-270) No Yes 17,238 892 0.0517 
5. Culebra(250-270) No Yes 18,441 483 0.0262 
6. Limestone(200-250) No Yes 19,357 1,664 0.0860 
7, Basalt(325-500) Yes Yes 18,341 423 0.0231 
8. Basalt(325-500) Yes No 19,540 409 0.0209 
9. Basait(325-500) Yes Yes 16,526 1,306* 0.0790 
4. Kaolin 
10. Sang' (35--60) Yes No 17,525 11,442 0.653 
*Kaolin that did not settle out after 3 days left in. Liquid was definitely 
turbid. Cs on particles accounts for elevated value over 3, 7, and 8. 
Each sample contains 1.00 gram of the specified sample in 100 m of Cs-137 
solution containing 0.023 1,Ci/m2, activity. 
TABLE 5. 	Cesium-137 Adsorption Tests 
Description 	 Counts/min 
Basalt in deionized water 	 579 
Basalt in saturated salt water 	 13,049 
Kaolin in deionized water 	 1,367 
Kaolin in saturated salt water 	 12,972 
in each case 5 9/100 ml (0.02764i/m0 
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the solid will require termination of the experiment. Each liquid sample 
is centrifuged and decanted before counting. From this table it is seen 
that sand has the least affinity for Cs
137 
and basalt has the greatest, 
although it is to be noted that both sand samples were much coarser than 
the other minerals. The intermediate value given by the liquid from the 
basalt-kaolin combination (#9) is believed due to incomplete removal of 
the kaolin from the sample which retained a visible turbidity. 
In another set of experiments (see Table 5) the effects of deionized 
water and brine were compared in the adsorption of Cs 137 on basalt and 
kaolin. Kaolin coagulated rapidly in the presence of salt water due to 
interference with the normal repulsive forces which would keep it in sus-
pension. The results shown in Table 5 lead to the conclusion that if 
basalt is first brought to equilibrium with saturated brine its sorptive 
capacity for Cs 137 is greatly reduced. This is probably due to having most 
of the active sites on the surface filled by sodium ions. Similar results 
are seen for kaolin, although the effect of surface area reduction due to 
coagulation is yet to be fully explored. 
In work with Pu
t37 
 i , it has been observed that virtually identical 
quantities of the radionuclide are adsorbed by basalt in contact with brine 
and with equilibrated water. Details are given in Table 6. Additional 
experiments of the same type were also performed, with samples taken one, 
two, and four weeks later. There was little difference in the count rate 
of samples removed at the two-and four-week points; therefore, these val-
ues were averaged and used to calculate the percentage reduction of activ-
ity in the solution. The mineral substrates utilized were obtained through' 
the WISAP program: Sentinel Gap basalt, Conasauga shale, oolitic lime-
stone, magenta dolomite, and Culebra. The results are summarized in 
62 
TABLE 6. Plutonium Adsorption Results. 
Pu-237 with 0.5 gm basalt (40-50 mesh) in 10 m2. water 
Water Type Mass Pu-237 Net counts/100 min Net counts/g 
Solution added Pu 	sol 
(q ) 
Salt 1.321 13,362 10,115 
*Equilibrated 0.542 5,524 10,192 
*Water-basalt mixture heated for prolonged period. Water is then 
filtered by millipore filters removing particles down to 100 
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Table 7. 
The general pattern of these results shows that increasing ionic 
strength of the liquid phase reduces the sorption of radioisotopes on the 
mineral. This effect is probably due to competition between ions for the 
limited number of adsorption sites on the surface of the substrate. The 
absence of oxygen in distilled, deionized water had little, if any, effect 
except in the case of limestone, where sorption was greatly increased in 
the absence of oxygen. Oxygen was excluded from the sodium chloride 
solutions in only one instance (with basalt) where a significant decrease 
in sorption was observed. 
The ion competition concept is supported by other observations. It 
was noted that there a very wide difference in the level of radioactiv-
ity found in the initial liquid samples, although the same quantity of 
17 
- had been add ,-,..d to each While manipulative techniques and 
counting statistics can explain sople variation, clearly other factors were 
invol -ved as shown by dqt- a of Tahl ,, 8. The highest counts were obtained 
in the 1.0 M sodium chloride solutions, which were much higher in ionic 
strengh than any of the other liquids. 
To determine if beaker wall adsorption affected the activity, some 
flasks were first treated by filling with a 0.01 M solution of non-radio-
active cesium chloride for three days prior to use. In eight of nine 
instances the results were very similar to those obtained in untreated 
flasks, and it was concluded that pretreatment is not necessary. The 
actual figures obtained are given in Table 9. 
The ease with which the sorption equilibrium can be shifted was demon-
strated by the addition of 10 ml of 6.2 M sodium chloride solution to each 
of the flasks used in the experiments of Table 7. The added salt displaces 
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TABLE 7. Percent Removal of Cs-137 from Liquids 
in Contact with Mineral Particles 
Solid 





















1.0 N NaC1 39. 2 84.7 14.7 57.0 22.8 
1.0 M NaCi 
deoxygenated 
15.2 
(a) Prepared from disti]led, deionized water heated in contact with 
the corresponding mineral for several weeks. 
(b) Same as (a), except stirred instead of heated. 
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TABLE 8. One-Minute Counts of Liquid Samples to Which 
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Percent Reduction of Cs-137 Activity in Flasks with and 
without Prior Treatment with Cesium Chloride Solution 
Liquid phase 	Pretreated flask 	Untreated flask 
1. Basalt Distilled, 	deionized 
water 
88 82 
2. Basalt Equilibrated water 81 76 
3. Basalt 1.0 M NaC1 26 40 
4. Limestone Distilled, 	deionized 
water 
16 30 
5. Limestone Equilibrated water 12 
6. Limestone 1.0 M NaC1 18 15 
7. Shale Distilled, 	deionized 
water 
93 95 
8. Shale Equilibrated water 94 , 92 
9. Shale 1.0 M NaC1 85 85 
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some of the adsorbed activity, increasing the activity in the liquid phase, 
as clearly shown by the data of Table 10. These data include a correction 
for dilution by the added liquid. It is evident that tracer adsorption is 
less from equilibrated water, with its concentration of competing dis-
solved ions, and in the presence of Na01 than in deionized water. 
Because of the appreciable effect the presence of salt has on ion 
adsorption on particulates, an additional series of tests was carried out 
on saline solutions, in the same manner as previously. The results are 
summarized in Table 11 and Fig. 24. 	Except for limestone, increased salt 
concentration clearly pre-empted adsorption sites, as expected. 	In all 
cases adsorption on limestone was appreciably less than in other minerals; 
however. because of she friable nature of limestone, for flow in limestone 
higher concentrations of fine particulates may be available as carriers, 
mensating for lower sD--c 4 fic 
b. A_DSORPTION ON SUSF M7-1 PAR 
The adsorption of radioisotopes on the very small particles that 
constitute the mobile solids has also been investigated. The procedure was 
essentially the same as that used with the granular material of much larger 
particle size, but some manipulative refinements were required. In order 
to obtain enough solids with which to work, it was necessary to centrifuge 
the normally stable sols that are used in this work. Kaolin, vermiculite, 
and basalt particles were concentrated in this manner. The kaolin was 
treated with hydrogen peroxide in a buffer solution in order to oxidize any 
organic matter present which could exert absorptive capability dispropor-
tionately to its quantity. Excess peroxide and other extraneous solubles 
were removed by washing and centrifuging several times. 
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Relative activity detected 
Prior to 
NaC1 	After NaC1 
Initial 	addition addition 
1. Basalt Distilled, 	deionized 
deoxygenated 1190 98 1534 
2. Basalt 1.0M NaC1 , deoxygenated 3364 2798 2535 
3. Basalt Distilled, 	deionized 1066 148 1189 
4. Basalt Equilibrated(heated) 1649 312 1887 
5. Basalt Equilibrated(stirred) 1990 295 1770 
6. Basalt 1.01 NaC1 3841 2169 2265 
7. Shale Distilled, 	deionized 
deoxygenated 1254 86 240 
8. Shale Distilled, 	deionized 1425 12 183 
9. Shale Equilibrated(stirred) 2018 46 265 
10. Shale 1.0W NaC1 2693 349 306 
11. Limestone Distilled, 	deionized 
deoxygenated 984 Ju-r 231 1242 
. Limestone Dist- 111e 118 1 763 1412 
13. Limestone Equilibrat 	(stirred) 2249 1863 2596 
121 . Limestone 1.0W NaCi 3001 2495 2569 
15. Culebra Distilled, 	deionized 
deoxygenated 905 49 602 
16. Culebra Distilled, 	deionized 1385 67 878 
17. Culebra Equilibrated(stirred) 1413 413 1516 
18. Culebra 1.0N NaC1 2826 2015 907 
19. Magenta Distilled, 	deionized 
deoxygenated 1127 52 449 
20. Magenta Distilled, 	deionized 1170 101 553 
21. Magenta 1.0W NaCi 2726 987 1111 
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TABLE  11. Adsorption of Cs-137 for Sodium Chloride 
Solutions of Different Concentrations 
NaC1 
Concentrations Basalt Limestone Shale Magenta 
m Mole/2, 
1. 0.0 89.5% 48.0% 96.2% 95.7% 
2. 5.0 90.1 29.2 95.5 89.8 
3. 10.0 88.3 25.9 94.5 91.2 
4. 15.0 87.3 35.4 93.2 • 89.3 
5. 25.0 82.6 28.5 92.1 89.6 
6. 50.0 77.6 29.2 91.2 84.1 
7. 100.0 71.0 33.0 90.5 78.4 
8. 500.0 51.3 29.0 86.7 66.1 


























Nan Concentration, mmol/liter 
FIGURE  24. Percent Reduction in Cs-137 Concentration vs. 
NaC1 Content 
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The concentration of particles was approximately equalized by dilu-
tion with water until the suspension of all three minerals showed the same 
percent transmission of light when measured spectrophotometrically. Ex-
periments were then carried out with these suspensions in which the vari- 
ables were quantity of suspension, Cs 137 concentration, sodium chloride 
concentration, and pH. Table 12 shows the matrix of variables. Three 
tubes of each permutation were required; one each for vermiculite, kaolin, 
and shale. 
it is seen that the tracer concentration has little bearing on the 
frac:ion adsorbed. The -amount adsorb ,, d levels off with increasing parti-
cle concentration toequilibrium partition factor; this is shown in Fig. 
25. .4.-dsorption on ver is clear y above the others; again quantita- 
tive evaluation must . 	surface pre _ 
The effect of 
	
soin 	most striking and significant. 
for vermicmlite at low sit concentrations, NaCl appears to pre-
e.773t _adsorption sites to interfere with tracer uptake. (Note: Other 
work r ,=7,crted later indictes, however, that for related reasons, any 
particle that does carry waste adsorbents is likely to have a longer 
mic, ration range in brines than in de-ionized water.) 
Experimental Detai is 
The initial problem was to obtain enough of the particles from their 
respective suspensions to effectively wash and label them. 50 ml samples 
of suspension were placed in centrifuge tubes and "spun down," out of 
suspension. With the water drained off, it was a simple matter to transfer 
the solid material at the bottom of the tubes (the particles) into a single 
test tube. About 1 liter of suspended particles of each type were grouped 
into one tube. 
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TABLE 12. Cs-137 Absorption on Suspended Particles 
A) Effect of particulate concentration 
Residual 
Suspended Concentration 	 acc. in Percent 
Mineral 	Om of susp.) Initial Count Final Count solution uptake 





3.0 	 14815 	 9376 	63.3 	36.7 
2.5 	 15358 	12280 80.0 	20.0 
2.0 14646 9970 	68.1 31.9 
1.5 	 14548 	10430 71.7 	28.3 
1.0 13657 11295 	82.7 17.3 
3.0 	 17403 	12441 	71.5 	28.5 
2.5 14340 13020 87.0 13.0 
2.0 	 15833 	13473 	85.1 	14.9 
1.5 	 15187 	14382 	94.7 5.3 
1.0 14843 1311 0 93.3 	6.7 
3.0 	 13337 	12734 	95.1 	4.9 
2.5 14746 	12825 87.0 13.0 
2.0 	 1459 7 12906 	88.8 	11.2 
1.5 14324 	12763 89.3 	10.7 
1.0 	 13533 	13555 	99.8 	0.2 
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TABLE 12. Cs-137 Absorption on Suspended Particles (continued) 
B) Effect of Cs-137 concentration 
Residual 
Suspended Cs-137 added 
	
acct. in Percent 
Mineral 	(mi) 
	
Initial Count Final Count solution uptake 
(cpm) 	(cpm) 	(%) 	(%) 
Vermiculite 	0.025 	 1568 	 2447 	156.0 
0.050 	 7569 3961 52.3 	47.7 
0.075 	 11459 
0150 22888 	18570 	81.1 	18.9 
0.250 	 40322 35126 	86.0 	14.0 
Kaolin 	 0.025 	 1912 	 2078 108.7 
0.050 	 6708 	 5527 	82.4 	17.6 
0.075 	 10602 	 9663 	91.1 	8.9 
0.150 22121 	21540 98.7 1.3 
0.259 	 ,,,,,, 0.1 
	
„).:-.1 	33400 	99.9  
Basalt 	 0.025 	 2391 2385 99.7 	0.3 
0,050 	 6454 	 5305 	82.0 18.0 
0.075 913' 8587 94.6 	5.4 
0.150 	 26637 	25752 	96.7 3.3 
0.250 38394 40173 105.0 
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TABLE 12. Cs-137 Absorption on Suspended Particles (continued) 
C) Effect of NaC1 concentration 
Residual 
Amount of 	 acct. in Percent 
Mineral 	NaC1 added Initial Count Final Count solution uptake 
(9) 
Vermiculite 	0.005 	16419 	14184 	86.4 	13.6 
0.010 	15060 	13936 	92.5 	7.5 
0.020 	14820 	13833 	93.3 6.7 
0.050 	15169 	16382 108.0 
0.100 	15788 16819 	107.0 
Kaolin 	 0.005 15526 	17381 112.0 
0 010 	13468 	16746 	124.0 
0.020 15172 17744 117.0 
0.050 	16284 	18436 	113.0 
0.100 	1 5966 18760 118.0 
Basalt 	 0.005 15813 	21742 	138.0 
0.010 	15173 	17970 118.0 
0.028 12975 17025 	122.0 
0.050 	15698 	13084 118.0 
0.100 15460 	18084 	117.0 
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• = Basalt 
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FIGURE  25. Plot of Percent Activity Adsorbed vs. Amount of Suspended Mineral 
After the concentration was made, a 4:1 buffer to peroxide ratio was 
used to fill the tubes containing the particles. This mixture was then 
boiled for• about 10 minutes to wash the particle surfaces. The buffer 
solution was used to negate the acidic quality of peroxide that becomes 
apparent when it is boiled. The particles were then spun down, resuspended 
and rinsed in water, spun down, rinsed, and finally spun down for good. In 
this state, they were ready for absorption of the tracer isotope. 
Before absorbing any tracer, a spectrophotometer was used to set the 
percent transmittance of the three types of "rock solutions" equal. This 
would indicate approximately the same number of particles per ml. First, 
all of the tubes with the particles were diluted with 50 ml of distilled 
and deionized H
2
0. All of the percent transmittance re measured at X = 
3200A. The highest percent trasslittance was kept as a standard and the 
ether two were dilute:l to this -,7alue 5%). These diluted solutions of 
trtieJ_es and H0 will be calle d 
The original intent of the 	 was to vary four parameters for 
each rock. With a constant volume of 15 ml per test, varying amounts of 
rock solution, 
137 
q'saThtion , NaC1, and pH would be used. 
First all tubes '-,717e filled with their required amount of 1120  and 
t37 Cs 	. Here a I ml sam7 -Je from each was taken for use as standards. Then 
the rock solution was added along with NaCT (if required). Two weeks was 
allowed for the system to attain. equilibrium. Then the tubes were centri-
fuged, and a 1 ml sample taken from each again. Samples were then counted 
and uptake calculated as shown. 
c.  TRANSFER OF ACTIVITY FROM PARTICLES TO BED MATERIALS 
A preliminary experiment has been carried out in an attempt to deter— 
mine the degree of transfer of Cs
137 
from small kaolin particles to larger 
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particles of shale. 	Poor counting geometry accounts for the somewhat 
anomalous results actually recorded, but the general findings are at least 
indicative. 
The work was performed by adding Cs
137
-labeled kaolin particles to 
small flasks containing shale of four different mesh sizes plus distilled 
deionized water. After vigorous shaking, the flasks were allowed to stand 
undisturbed for a week. Each flask was then counted with a sodium iodide 
crystal detector to obtain a total count of the entire flask contents. The 
shale was then washed nominally free of kaolin particles which were counted 
separately. Each flask was then counted empty, and with the shale returned 
after three washes with distilled, deionized water. This was followed by 
three additional, vigorous washes and a final counting in a new flask. The 
results are summarized in Table 1 .1 . 
Erlenmeyer flas',c filled with c rushed mineral matter and water 
cannot be counted very -__curate on 17 -,Es fist surface of a detector. Not 
one is the geometry lo.cr,it is instructive to note that while initially 
-1,-,ere was no acti' on the shale. the end of the experiment the 
ma ei 	, of the detected activi , v was associated with the shale. 	This 
indicates that transfer occurred from kaolin to shale, and furthermore, 
137 
the attachment of the Cs 	to shale is quite strong, with little if any 
137 Cs 	removed by vigorous washing in water. Due to the manner in which the 
labeli-g procedure was carried out, there was always a small amount of 
residual liquid associated with the particles, and the liquid obviously 
contained some of the radioisotope. While the amount present in soluble 
form is believed to be quite small, it is not zero. 
These experiments have been necessarily preliminary in nature in the 
absence of quantitative information on the surface areas involved, the 
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TABLE 13. Activity* of Components of Shale/Koalin Experiment 
Shale 	Flask + 	Washed out 	Flask Flask + Shale New flask + shale 
Mesh Size contents particulates Only 	3 washes 	3 more washes 
<50 4510 2800 300 4540 4620 
25-40 5060 960 310 5580 5390 
14-25 6200 1280 400 6050 5730 
>14 5840 1200 350 5760 5770 
*Counts/minute (rounded) 
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tracer concentrations and the precise condition of the water; more defini-
tire tests along similar lines are planned. 
d. AGGLOMERATION OF MOBILE PARTICLES 
It is well known that suspended clay particles can be coagulated by 
the addition of dissolved salts in sufficiently high concentration. It is 
therefore possible that mobile particles in a porous medium could become 
immobilized through agglomeration by contact with saline water. The con-
centration of salt at which agglomeration occurs is known as the Critical 
Coagulation Concentration (CC) and is different for different salts and 
for r, rticles of different composition. Experiments have, therefore, been 
carrie(1 out to deter"- the CCC of sodium chloride for kaolin, vermicu-
lite cud basalt particles which are used as representative mobile solids 
in this study. 
Effect 	NaCl Canoe. 
p, _ em _ _-_ 7 suspension at salt concentrations 
be _ , 7-' the critical val e, and coagulate and settle out rapidly at concen-
trat:ons above the critical point. The tests, therefore, consisted of 
adding increasing amonnts of sodium chloride to Lest tubes containing 
suspensions of the solids. After mixing, the tubes were allowed to stand 
overnight and were then visually inspected. Results of the kaolin and 
vermiculite tubes were easily determined, but because of the small varia-
tions occurring in the basalt tubes, their contents were examined spectro-
photometrically. For a more quantitative evaluation of the kaolin re-
sults, they were also examined spectrophotometrically at these different 
wavelengths. The results are displayed in Fig. 26. 
As is clear from an examination of Fig. 26, under these circumstances 
the CCC is not a sharp point, but consists of a range of sodium chloride 
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Salt content, mmo1/1 
FIGURE26. Turbidity vs. Salt Content for Various 
Wavelengths of Light 
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concentrations over which there is a rather rapid change in the population 
of suspended particles. It is concluded that the CCC ranges for each 
material are as follows: 
Kaolin 	 15-20 	millimoles NaCl/k, of suspension 
Vermiculite 	30-40 
Basalt 	 30-50 
The effect of pH on the possible coagulation of kaolin was also investi-
gated. Buffer solution_. in the range pH 4.0 to pH 10 in increments of 2.5 
units were prepared. Equal aa:ounts of kaolin were added, the containers 
mix and allow e d to Observations after 24 and 43 hours revealed 
no difference 
	
It is, therefore, 
ccnoluJ!ed that 	 Is not a 	icant factor in the coagulation of 
1-:.aolin pa 	 fa,1-1e or DH values, A similar test, involv- 
ale was conduc, to look for variations in adsorption with agglom-
eration at differe 	levels. 
The procedul- e was as follows: 




2. The carefully and thoroughly mixed solution was divided into 10 
aliquots, and allowed to stand two days for equilibration with 
the walls of the glass flasks. 
3. Initial samples were withdrawn for counting. 
4. One gram of clean. 25-40 mesh shale was added to each flask, and 
mixed by swirling thoroughly. 
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TABLE 14. 	Absorption of Cs-137 
Fraction of Activity 
in Solution 
by Shale at pH 5.2 
Fraction of Activity 
on Rock (Assumed) Kd . 
Time Elapsed Since 
Addition of Shale 
1.0 hours 0.67 0.33 7.46 
2.5 hours 0.70 0.30 6.36 
4.0 hours 0.35 0.65 28.06 
7.5 hours 0.25 0.75 45.02 
-28.0 hours 0.16 0.84 77.02 
48.25 hours 0.14 0.86 91.10 
100.0 hours 0.06 0.94 233.47 
168 hours 0.03 0.97 442.91 
TABLE 15. 	Short Term Absorption of Cs-137 by Shale of pH 5.6 
Minutes Since Fraction of Activity Fraction of Activity 
Addition of Shale in on Rock 
1 0.94 0.06 2.62 
3 0.96 0.04 1.67 
5 0.83 0.17 8.00 
15 0.64 0.36 22.82 
30 0.66 0.34 20.66 
60 ,,,_ 0.61 0.39 26.04 
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5. Samples were withdrawn at selected intervals. 
6. All samples were counted. 
The results of this experiment are shown in Table 14 together with the 
calculated values for the distribution coefficient. Since about one-third 
of the activity was absorbed by the shale during the first hour, a second 
experiment was performed to examine more closely the events of the first 
hour. The same procedure was followed as before, except plastic containers 
were used instead of glass flasks. The results of the second experiment 
are tab7Oated in Table: V5 and displayed in Fig. 26 together with the data 
of th-2 loner-term experiment. 
7 	] S OF RADI ON ADSORTTTON 
7?,ecause in the 	 worse 2epcsitory high radiation fields 
	
e:. pect 	zffec.".. 	 on and coagulation processes, the 
h-- le effect o _ 	of 	.. 	radiation on the stability of a 
soi 	 -becn 	 A. portion of the sol was 
div into parts, c,:e of which was retained under ambient laboratory 
contions. The other :7)t was placed near a 100,000 curie Co-60 source in 
a hot cell of the Georgia Tech Neely Nuclear Research  Center. After 
receiin` a dose of approximately 200 megarads, it was removed and compared 
the non-irradiatd sol, Light transmission was the same for the two 
(within experimental error) and it was concluded that, under the 
conditions tested, there was no significant change in agglomeration condi-
tions due to the radiation field, 
In determining the absorption of radioisotopes by various substrates, 
the question arose as to possible effects of a high radiation field on the 
liquid/solid distribution of the radioisotope. A slurry of kaolin in water 
was prepared and Cs '37 was added. The mixture was divided among 12 test 
tubes and placed in a 12,000 Ci Cesium-137 irradiator. Upon removal from 
the irradiator, each tube was centrifuged, and a sample removed for count-
ing. The values observed were compared with samples collected prior to 
irradiation. The findings are shown in Table 16 and Fig. 27. 
Exact doses were not measured, but only the two tubes closest to the 
source showed any significant variation from the average of the other 10 
tubes. The maximum dose was approximately 1.5 megarad. It was also noted 
that the temperature of the two deviant samples was appreciably higher than 
that of the other, thereby leaving unanswered the question of whether the 
radiation or the higher - emparature produced the observed effect. 
resolve the cu °_s_ if temperature played any part in the uptake 
obser,ed, additional P. , eriments were performed in which temperature was 
the variable. Tubes re prepared containing Cs
137 
and water as before, 
before the kaolin was added. 
After 175 minutes co7-,t each tbe was centrifug e d , a sample was removed, 
ane -:.eared with i 	samples, A'f- liough the tubes return to near room 
t!_,re enril 	1- 7;eriod of centrifugation, it is clear from the 
results presented in Ta b le 17 and Fig. 28 that there was definitely a 
temnerature effect as expected; increasing temperature decreases the ab- 
so ption of C-
137 
on kaolin by increased solubility in solution. It is 
also concluded that radiation had no effect on the absorption, as the 
effects observed in the radiation exposure can be explained by the differ-
ence in temperature. 
A further study was made of the temperature effect, utilizing shale in 
place of kaolin. The experiment was carried out as before and the results 
are displayed in Table 18 and Fig. 29. The clear finding is that absorp-
tion increases as the temperature rises, the opposite effect of that 
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TABLE 16. 	Effect of Gamma Irradiation on Cs Uptake on Kaolin 
30 sec counts 
Position to Source 	 First Sample 	Second Sample 	% Activity 
= closest, 	P10 = farthest) 	Activity Activity on Kaolin 
1. ( - 1.5 MR) 17342 7144 58.8 
2. 16716 7211 56.9 
3. 16684 5393 67.8 
4. 16544 5081 69.3 
5. 16264 4444 72.7 
6. 16508 5314 67.8 
7. 16783 5836 65.2 
8. 1904 5480 65.5 
9. 16161 4614 71.4 
10. 15 2 63 5193 70.0 
Stancia , 1 	# 1--' 14239 5198 63.5 
Standard 	.,', 2 25531 5178 66.7 
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Figure  27. Effect of Gamma Radiation on Cs-137 Uptake on Kaolin 
TABLE 17. Temperature effect on Cs adsorption on Kaolin 
30 sec counts 	 % Absorbed 
Tube 
	Temperature 	First Sample 	Second Sample 	on Kaolin  
1 	0.0° C 	 21594 	 10195 	 52.8 
2 23.0° C (Room Temp.) 	21369 8782 58.9 
3 	50.9 ° C 	 21526 	 11814 	 45.1 
4 	56.0° C 	 20958 	 10889 	 48.0 
5 65.1 ° C 22469 13738 38.8 
6 	81.0° C 	 23800 	 16553 	 30.5 
TABLE 18. Temperature effect on adsorption of Cs-137 on Shale 
Temperature 	First SampleSecond. Sample 
Tubr, 	( °C) 	 Activity 	Activity 	% on Shale 
1 	 0.0 	 14166 7199 	 49.82 
2 23.1 13752 	 6331 54.00 
3 	 34.0 	 14790 	 2036 	 85.9 
4 	 45.0 	 35495 1509 90.3 
5 61.5 14476 	 1569 	 89.2 
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Figure 29. Effect of Temperature on Cs Adsorption on Shale 
observed with kaolin. 
TECHNETIUM TRANSPORT 
Work is under way to study the adsorption and particulate migration of 
technetium from waste using Tc-95m as the tracer. To conserve tracer 
material preliminary work is being done with manganese, which has similar 
chemical properties, though the MD-56 is rather short-lived to be a conve-
nient tracer. It is expected that technetium would appear as the pertech-
netate ion and simulation tests ale employing permanganate ions. Fig[ e 30 
illustrates some preliminary adsorption tests involving 1 gram of 25-40 
mash basalt or limestone in 20 cm 3 of DE 6 solution. As the figure shows, 
permanganate adsorption on limestone was both slower and smaller than on 
basalt. More precise measurements are under way to determine any 
depen:le7tce on pH and cc:ncentratio:1 before proceeding with test using Tc- 
rr-- 1,USIONS 
.,ork has been carried on for the past year at Georgia Tech to study 
the mobility of radio active waste materials in subsurface streams by par- 
ticulate transport. The motivation for this work was to supplement the 
rather large body of data on the behavior of dissolved radionuclides and 
their interaction with mineral surfaces and porous media with a study on 
the role of suspended particles as carriers of radioactive waste products. 
Suspended particles can arise in subsurface aquifers from the passage 
of water through clays, from diagenesis of exposed rock surfaces, and from 
geological fracture phenomena. In waste repositories additional sources 
of fine particulates may be decrepitation of rocks in the process of 
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FIGURE 30. Adsorption of manganese on basalt and limestone 
radiation damage effects, of the solid waste matrix itself. 	Only the 
submicron fraction of such particles is of interest for waste transport 
through permeable media; it will be subject to colloidal agglomeration and 
to surface interaction with surrounding media, depending on water quality 
parameters, such as pH, dissolved ion concentration, temperature, dis-
solved oaygcn and other gases, and other purity factors. 
Partitioning of dissolved waste materials between the liquid and the 
suspended matter will depend on concentration, ph, ion exchange capacity, 
compi -:ing effects and the presence of compating.elements and ions. Most 
of r e a processes are being studied at present to obtain quantitative data 
on the relative proh:lbility of dissolved waste materials following the 
disolved-ioa pathway or the sus7)c - ed particulates and their pathways. 
	
Qualitatively 	existenc ,e of such particulates and their survival 
passe through porous beds cf difirrent materials has been estab-
li: d, es Well as L): e PbT;orE, Lic,71 rate of trace ions onto colloi-
dal KL:d71, 
work has -f),-, er rather qualitative so far, mainly because of 
problez, deterrll the surface areas of dispersed colloids, it has 
resuird in several significant results. It can be concluded that fine 
suspended particles are likely to occur in deep waters that may impinge on 
a depository site. Their size and shape depend on water quality; in 
particular in high salt concentration colloidal aggregation occurs though 
not to an extent to interfere severely with the migration of the particles. 
In "old" water which contains appreciable concentrations of mineral ions, 
these may tend to preempt adsorption sites that may otherwise attract the 
disperse particulates; consequently, they may travel greater distances 
than they would in "pure" water. 
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The adsorption of dissolved radionuclides onto the suspended parti-
cles also occurs in competition with other ions in solution and, as ex-
pected is very sensitive to variations in p11 and temperature. Most of the 
work so far has been devoted to cesium, a relatively strong cation and 
adsorption of transuranium atoms, Pu and dip in particular, will require 
considerably more study. Investigations on technetium using Tc-95m as the 
tracer, are only just getting under way and should he useful in showing the 
migration probability of anionic waste products by particulate transport. 
The differences in retention characteristics of limestone, basalt, 
and shal columns will bs_'co=, p.9.rticularly important in site--related stud-
ies on the migration prooerties of wastes be y ond the immediate vicinity of 
thepoitory itself, Though the presence or absence of air does not 
ar,p7Pr to have an appriable effect on particle uptake mobility, this 
=-' tpr and the effect - otheir n s, , l',, E,d gases, will require some further 
aneni,-Drl. In keep:.- pr nj :7.c. depository locations both rock media 
anri done conditio „sre bei stud id to obtain generic information on 
the b=7,ha for of both dissolved waste ions and of kaolin suspensions under 
simulatt.d condition ,arli it is expected to obtain more quantitative data 
during the coming year. 
If one accepts that particulate transport is an alternative migration 
mechanism for waste elements leached from solidified waste over a long 
period of time, then it is clearly important to assess its relative contri-
bution to any future population exposure envisaged in estimating the en-
vironmental impact of any waste isolation facility. For this reason quan-
titative data on this mechanism must be obtained to permit evaluation of 
any postulated risk from this cause during licensing procedures. 
Since both colloidal behavior and surface interactions differ greatly 
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between saline waters and water percolating through relatively stable rock 
formations, site-specific sample tests will have to be carried out, once 
candidate repository sites have been identified. This should enable one to 
place realistic hounds on estimates of migration range, partition between 
the two pathways, and relative migration rates for any major assumed scen-
ario involving the repository and its surrounding strata. 
Some distinction in behavior may be expected in water composition, 
colloid formation and absorption properties in the near field and at points 
distant from the waste storage volume. Such effects will have to be 
invest ated to arrive at a meaningful estimate for the migration rate and 
release probability from any chosen waste isolation site. 
I. 
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ABSTRACT 
One of the processes that has received relatively little attention in 
the assessment of the potential environmental impact of nuclear waste 
repositories in geologic media is the transport of dissolved waste nu-
clides on suspended particles along an aquifer. The present project was 
designed to establish the feasibility of this particular pathway, to 
measure the relative adsorption rates on particulates for the waste nu-
clides of interest and to investigate the migration characteristics of 
typical suspended particles through a simulated porous aquifer. 
The work consisted 1) of static adsorption tests for various radio-
nuclides on potentially suspended media in the presence of representative 
host rocks in deionized or rock-equilibrated water; 2) of column tests in 
which tracer-labeled kaolin particles were injected into a slowly moving 
stream. By analyzing the activity of the effluent, the transport charac-
teristics could be determined; by dissecting the columns the retention 
mechanism could be studied. 
The work has established that a) suspended particulates can reason-
ably be expected in invading waters in a variety of accident scenarios; b) 
gram for gram the suspended kaolin particles would adsorb a high proportion 
of any dissolved nuclides compared with even extensive surface areas of 
host rock; c) there is substantial transmission of particulates through a 
permeable aquifer in sand and shale, and to a lesser extent in basalt and 
limestone; and d) there is a prompt transmission wave traveling at flow 
velocity and, also, in several media a delayed component accounting in some 
cases for a substantial portion of the particles migrating. The mechanism 
for this delay is not fully understood yet and requires further study. 
ii 
There is an agglomeration effect associated with saline waters and high 
dissolved ion concentration which also has some effect on the delay mechan-
ism. 
The research reported here supports the contention that particulate 
transport in many cases may be a competitive process of nuclide migration 
through permeable rock strata. 
iii 
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INTRODUCTION 
The assessment of the long-range impact of a deep repository for high-
level radioactive wastes is usually done by assuming a catastrophic inva-
sion of water, into a carefully engineered mined cavity, either in rock or 
bedded salt, containing canisters filled with vitreous, solidified waste 
materials. The usual scenario assumes a slow, steady leaching of the waste 
material following corrosion of the container, and migration of any dis-
solved waste ions through a porous aquifer until the water reaches the 
surface some distance from the repository, subject to delays due to the 
slowness of the water movement and to the kinetics of adsorption and 
desorption of the ions on the adjoining rock surfaces. Some nuclides that 
do not form ions that exchange readily or that form anionic complexes may 
move at the rate of water movement. 1-6 
An alternative scenario, that may also occur, assumes that the 
leached waste nuclides do not stay in solution, but adsorb on suspended 
particulates that may be expected to exist in the invading water. Subse-
quent migration would then be determined by the interaction of the par-
ticles with the surrounding rocks, rather than by ion-exchange kinetics. 
Depending on the nature of the water and the surrounding mineral surfaces, 
particulate migration may or may not introduce significantly longer migra- 
tion ranges. Figure 1 schematically illustrates the two alternative path-
ways. 
Particulates, in the micron range occur commonly in all subsurface 
. 7 waters. Near the surface this may include bacteria and organic com-
plexes. 8 Clay minerals are commonly found as coatings on rock surfaces and 
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Fig. 1 Migration Pathways 
water into the repository cavity. Another source of particles arises from 
the mining activities that created the repository cavity, leaving behind 
substantial quantities of rock dust; this has been observed in the Stripa, 
mine. Finally, decreptation of the vitrified glass matrix results in fine 
glassy particulates that could either serve as carriers for dissolved 
materials, such as plutonium, or contain small quantities of waste activ-
ity already. 9 In basalt it has been found that secondary minerals may be 
removed preferentially and form suspensions in water. 10 '
11 This has, in 
fact, presented some problems in the current work presented here. The 
concentrations of such particulates to be expected in a postulated acci-
dent scenario have not been well established; for the present purpose it is 
prudent to assume conservatively high values. 
In a salt repository, particulates would come solely in the invading 
water. Additionally, high salt concentrations may promote formation of 
radiocolloids which would behave as suspensions. This has not usually been 
considered in the formulation of source terms for a salt repository 12 and 
it may not represent a major pathway. 
A critical factor in predicting migration behavior by any pathway is 
the nature of the invading water. Analyses of deep waters in the litera-




 has reported water analyses from crystalline metamorphic rock 
whose pH typically was in the range of 5.6-7.5 but with some pH values 
ranging up to pH 11.1, with no clear correlation with CO 3 or SO4 content. 
For the Hanford basalt structures pH values of 10.1-10.6 have been pro-
jected with HCO
3 
values of the order of 60-100 ppm at a temperature of 60- 
250
o
C. This contrasts with the much lower pH values assumed for adsorption 
studies at ANL and LASL14 ' 15 under atmospheric conditions with rock- 
3 
pretreated waters. The present study also has emphasized migration phe-
nomena in rock-equilibrated waters under air-free, but not hermetic 
conditions. Table 1 summarizes the principal parameters involved in the 
present work. 
The objective of the present study then was threefold: to establish 
the feasibility of the particulate pathway, to determine the retardation 
coefficients and adsorption constants for particulates and to lay the 
groundwork for the inclusion of this pathway in assessing potential 
environmental effects of geologic waste repositories. It will be seen that 
the work reported here has met these objectives to a significant extent. 
In addition, outside evidence for the existence of mobile particulates at 
repository sites has continued to come in during period covered in this 
report. 
REVIEW OF EXPERIMENTAL WORK 
Several distinct processes are involved in particulate migration. 
Some of these can be considered fairly independent of each other and can be 
studied separately; others operate synergistically and yet others are 
highly site-specific. The progression in the work plan has been to study 
phenomena in a fairly qualitative fashion initially, both to assess the 
magnitude of effects involved and to demonstrate the reality of the postu-
lated particulate migration process. This was followed by more quantita-
tive measurements on adsorption rates, migration ranges and retardation 
effects and this work has resulted in a substantial volume of data. Work 
on more site-specific conditions could not be started in the absence of a 
definitive selection of potential sites. Hopefully, such work can be 
undertaken in the near future. 
A suspension of submicron particulates was produced by allowing a 
substantial amount of crushed fine kaolin particles to diffuse in a carboy 
4 
TABLE 1. Experimental Parameters 







Deionized Water None Sand Kaolin Na-24 
"Conditioned" Water Air Basalt Vermiculite Cs-I37 
Saline Water CO2 Granite Limestone Cr-51 
N
2 
Limestone Shale Pu-237 
Shale Basalt Np-235,237 
(Sandstone) (Bacteria) Tc-95 m 
(Sr-90) 
(Zr-95) 
Items in parentheses were considered of interest but not actively employed 
in the work described in this report. 
5 
of distilled, deionized water. This was left standing for several years 
and the somewhat cloudy supernate has served as a convenient stock solu-
tion. The kaolin, which is a good cation exchanger, is assumed to be 
representative of a range of clay minerals, though the individual exchange 
properties will vary, of course, from site to site. Similarly, the rock 
samples employed were assumed to be generic in character, though again 
site-specific material may have to be tested at a later stage. Table 2 
lists the rocks utilized and their provenance. 16 Because of the friable 
nature of the oolitic limestone, some later limestone tests employed a 
crushed and screened marble from Tate, Georgia. 
Early adsorption and column tests employed distilled, deionized and 
deaerated water. Later tests frequently used "rock-equilibrated" water, 
prepared by contacting a 'substantial quantity of ground rock with ini-
tially deionized water over a period of several weeks. Deaeration involved 
bubbling cylinder-nitrogen through a long column of water for extended 
periods prior to use. 
Adsorption tests were done on a beaker scale contacting the crushed 
mineral with calibrated solutions of the nuclide of interest. Whenever 
possible, material balances were obtained to correct for beaker wall ad- 
sorption. Radiotracers employed included Cs-137, Tc-95m, Np-237, and Pu- 
237. The liquid and solid phases were separated by centrifugation and 
counted with a scintillation counter. Details of the procedure may be 
found in the Quarterly Progress Reports and Final Report on this project. 
In contrast to other WRIT studies that were concerned with dissolved 
nuclide migration and their adsorption on mineral surfaces, in this case 
attention was focused on adsorption on the suspended clay particles from a 
hard water in the presence of mineral surface, i.e. these tests were three- 
6 
TABLE 2. Rocks Utilized in the 20 to 50 Mesh Size Range in Task 4 Studies 














Sentinel Gap Basalt Washington State Hiway 
243 Road outcrop 
between Beverly and 
Mattawa, WA 
Conasauga Shale 	Core Well No. OWI-OR-8 
depth 16 to 100 ft 
Climax Stock 	Pile driver tunnel 
"Granite" 	 complex, 1367 ft below 
the collar of shaft 1501 
Nevada State N901, 147 E 
677,016 
Anhydrite 	 Core Well AEC 8 depth 
3080.9 - 3083.5 ft 
Los Medanos , N. Mexico 
Magenta Dolomite 	Roadcut along N.M. 
Rustler Formation Hiway 31 near entrance 
to IMC mine Sec 1, T22S, 
R29E 
Culebra Dolomite 	Roadcut along N.M. 
Rustler Formation 	Hiway 62/180 about 
7 miles South of 
Carlsbad airport, Sec 4, 
T24S, R26E 
Lawrence Livermore Labs 
Hugh Heard 
Wards Natural Science 
Establish. Cat. No. 47W7400 
Wards Natural Science 
Establish. Cat. No. 47W4670 
Pacific Northwest 
Laboratory, L. L. Ames 
Oak Ridge National Lab 
L. R. Dole 
Lawrence Livermore Lab 
L. D. Ramspott 
Sandia Laboratories 
D. W. Powers 
Sandia Laboratories 
D. W. Powers 
Sandia Laboratories 
D. W. Powers 
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component tests, or four-components if one includes the beaker wall. For 
this reason, an overall balance had to be obtained and a good knowledge of 
surface areas involved was of importance. A procedure for measuring wetted 
surface areas by the ethylene glycol procedure 17-19 has been set up, but 
the consistency of results was not considered to be better than order of 
magnitude. 
The work conducted under the present project can be categorized under 
these general headings: 
A. Characterization of materials and conditions; 
B. Sorption experiments; and 
C. Particulate migration experiments. 
The following sections will discuss the principal activities under those 
headings. 
Characterization of Materials and Conditions 
Minerals  
As Table 1 indicated, mineral samples are required to simulate both 
the suspended particulates and the rock matrix bounding the aquifer or the 
depository. For the particulates, suspensions have been prepared using 
Georgia kaolinite, oolitic limestone, shale, and vermiculite. Coarse min-
eral bed samples were prepared from specimens of sand and of basalt, 
limestone, dolomite, and shale obtained through the WISAP program and 
fully characterized.
16 Batch Kd values on these materials have also been 
reported by Relyea and Serne.
20 
Table 2 lists the source of the mineral 
samples. 
Coarse material was crushed and ground as needed in the Mineral Engi-
neering Labs at Georgia Tech. Suspensions were prepared in large carboys 
to provide an adequate supply of material of consistent composition and 
concentration. Centrifuged and dried samples have been examined by elec-
tron microscopy; such observations on kaolin particles will be reviewed 
later. Concentrations of suspended particles were controlled mainly by 
turbidity and optical transmission tests. Attempts were made to stan-
dardize size distributions by comparison with calibrated latex 
suspensions, but this was not considered conclusive. 
The basalt with which we have been working is a very tough material 
and there is a potential for contamination by wear from the surfaces of the 
crushing equipment. The basalt was received in the form of chunks, fist—
sized and slightly larger. Early samples were broken by hand with a hammer 
and then crushed between heavy cast steel rollers which were set succes-
sively closer together. The crushed material was fractionated by screen-
ing. Some of the finer sizes were also produced by ball milling fractions 
larger than 15 mesh in a ceramic jar with alumina balls. This also 
produces contamination; visible wear occurred on the jar. It is believed, 
however, that the ball and jar material was removed later as very fine 
particles when the subsequently screened fractions were repeatedly washed 
until no turbidity could be seen in the wash water. The basalt was then 
dried for storage until use. Subsequent samples have been precrushed with 
a jaw crusher. 
Physical and Chemical Conditions of Deep Groundwater  
To establish realistic test conditions an appropriate choice of ex-
perimental parameters is important. Three areas of specific importance to 
the present work are the nature and concentration of carbon dioxide in deep 
waters, the influence of diagenesis, and the effects and importance of 
"equilibration" of water with surrounding minerals. 
9 
Estimates of the concentrations of dissolved CO
2 
in deep water seem to 
vary appreciably. I. W. Marine at Savannah River Labs has analyzed deep 
groundwater samples and reported concentrations of 10-40 ppm. 13 Though 
the source of water may be different in different candidate depository 
formations, that range of CO
2 
concentrations will be used in upcoming tests 
in the present project. Canadian measurements on the Lac Du Bonnet batho-
lith23 report CO
2 
concentrations of 13 and 45 ppm. Various ways of 
attaining such concentrations have been examined, based on the known reac-
tion constants for the CO
2
-carbonate system in water. No water with added 
CO
2 
has been used so far. 
There has been disagreement among investigators as to the validity of 
data obtained using freshly crushed rock when extrapolation is to be made 
to the actual conditions existing in the rock in situ. Surfaces in contact 
with groundwater for significant periods of time are subject to diagenesis 
and alteration of surface properties and characteristics. Obtaining and 
studying material with sufficient natural surface has not been possible 
within the limitations of our work, so ground material has been used. 
"Equilibrated" water has been used in most instances to provide at least a 
more stable situation between the composition of the mineral surface and 
the liquid in contact with it. 
"Equilibrated" water has been prepared by keeping deionized water in 
contact with sizable portions of the mineral for extended periods (weeks or 
months). In some instances stirring was employed, and in others the water 
was greatly refluxed. The equilibrated water is passed through a Millipore 
filter before use. Some properties of these waters are listed in Table 3. 
Properties of the Particulates  
The behavior of kaolin particles in columns of various crushed rocks 
has been studied, using deionized water as the carrier. 
10 
TABLE 3. Preparation and Properties of Equilibrated Water 




Basalt Refluxed 7.59 55 
Basalt Stirred 7.10 94 
Shale Refluxed 6.96 630 
Limestone Refluxed 8.74 450 
Magenta dolomite Refluxed 8.62 1600 
Culebra dolomite Stirred 8.54 265 
*Water and mineral in contact for 60 days or more. 
11 
The kaolin suspension had been prepared over two years ago by stirring 
kaolin in water and allowing it to stand. Samples were removed from the 
top for use. For each test the suspension was prepared for use by centri-
fuging, decanting the supernatant, resuspending in water by ultrasonic 
agitation, and then repeating this sequence again. The resulting sol was 
activated by irradiation in the Georgia Tech Research Reactor for one hour 




/sec. Sodium is the only easily activable 
constituent of the kaolin and the resulting Na-24 has been used to follow 
the movement of the kaolin particles. 
The initial problem was to obtain enough of the particles from their 
respective suspensions to effectively wash and label them. 50 ml samples 
of suspension were placed in centrifuge tubes and "spun down," out of 
suspension. With the water drained off, it was a simple matter to transfer 
the solid material at the bottom of the tubes (the particles) into a single 
test tube. Particles from 1 liter of suspension of each type were grouped 
into one tube. 
After the concentration was made, a 4:1 buffer to peroxide ratio was 
used to fill the tubes containing the particles. This mixture was then 
boiled for about 10 minutes to wash the particle surfaces. The buffer 
solution was used to negate the acidic quality of peroxide that becomes 
apparent when it is boiled. The particles were then spun down, resuspended 
and rinsed in water, spun down, rinsed, and finally spun down for good. In 
this state, they were ready for absorption of the tracer isotopes. 
All of the tubes with the particles were diluted with 50 ml of dis-
tilled and deionized H
2
O. All of the percent transmittances were measured 
at X = 3200 A. The highest percent transmittance was kept as a standard 
and the others were diluted to this value (± 5%). These diluted solutions 
of particles and H 2O will be called "kaolin solution." 
12 
The morphology of the particulates was determined from electron 
micrographs. The particles shown on the electron micrographs were counted 
on a Zeiss counter and a probability plot (Fig. 2) was prepared. The mean 
particle size was found to be 0.125 ± 0.03 micron. It was assumed ini-
tially that with particles this small, little mechanical entrapment due to 
physical hindrance or interstitial straining will occur in a 40/50 mesh 
medium unless particle agglomeration occurs; any radioactivity deposited 
in the column will, therefore, be due to particle immobilization by other 
mechanisms or by transfer of radioactivity to the bed material. Figure 3 
shows a typical electron micrograph of the kaolin particles from a suspen-
sion. They are seen to be well-formed polygonal platelets, with some 
natural conglomeration occurring even in deionized water. So far no satis-
factory method has been found for the measurement of effective surface 
areas of these particles. 
Sorption Experiments  
Particulate vectors contribute to radionuclide migration only to the 
extent that direct spallation of the waste solid occurs, or that dissolved 
atoms adsorb on the dispersed particles present in the first place and stay 
on them as they pass through various aquifers under conditions of varying 
pH, salinity, hardness, and mineral boundaries. 
After leaching from the waste matrix, all impact scenarios are con-
cerned with the subsequent movement of the dissolved radionuclides. They 
may move with the water, subject to ion-exchange or precipitation reac-
tions on exposed mineral surfaces. They may form soluble complexes or they 
may absorb on suspended matter, the case of interest in the present con-
text. In the near field, temperature and radiation effects may be of 
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Figure 3. Electron Micrograph of Kaolin Dispersion 
15 
region, subsequent movement would be expected to be subject to particle-
rock interactions and perhaps, some desorption into the low-concentration 
water flow. The degree of partitioning between particulate adsorption and 
continued dissolution into the effluent from the repository region deter-
mines the relative importance of each pathway. This will vary for each 
element and, obviously, will depend on the nature and concentration of the 
suspended material, the characteristics and composition of the water (pH, 
Eh, hardness, etc.), salinity, and relative surface areas and sorption 
characteristics of all accessible mineral matter. 
For this reason, adsorption tests were conducted to determine sorp-
tion of dissolved ions onto kaolin particles as a function of pH, ionic 
strength, and salinity. This produced a series of K
d values comparable to 
those obtained for other minerals in the WRIT program. 20 In addition, 
partition coefficients have been obtained for tracer adsorption on kaolin 
and other rock suspensoids from rock-equilibrated solutions in the pres-
ence of various quantities of such rocks. 
Initial experiments involved only a single solid material (plus the 
unavoidable surface of the container), but in later work a second solid 
material was present. As a result of considerable experimentation, it is 
now believed that the optimum procedure for carrying out this type of 
experiment is as follows: 
1. Place radioisotope in a test tube and count. This provides a 
total to compare with the sum of components determined later. 
2. Add enough water to make up the liquid containing particulates 
to a total of 15 or 25 ml. 
3. Add mineral matter and suspended particulates. 
4. Swirl and allow to stand for equilibration. 
16 
5. Centrifuge to separate particulates from the liquid. 
6. Withdraw half of the clear liquid and count. 
7. Count the remaining tube which contains half the liquid plus all 
of the mineral and particulate matter. 
8. Transfer to a new tube and count the original (now empty) tube to 
ascertain container adsorption. 
9. Separate mineral and particulate by resuspending the particu-
lates ultrasonically then removing as much particulate and 
liquid as possible. 	Rinse mineral with acetone and combine 
rinsings with container of particulates. 
10. Count mineral. 
11. Count particulate suspension, centrifuging and removing super-
natant if necessary to reduce volume for counting. 
The above describes the general manner of operation, although some modi-
fications were necessary in specific instances and will be indicated. 
Early measurements determined K
d 
values from loss of activity in the 
liquid. In later measurements, and particularly in 3-phase tests, 
attempts were made to account for the activity in all components. Occa-
sionally this resulted in an apparent overcount, due to difficulties in 
maintaining comparable detector counting geometries with highly hetero-
geneous samples. 
Adsorption Tests on Coarse Particles  
One of the principal mechanisms of interest is the attachment of 
radioactive waste ions onto the suspended particulates. In order to simu-
late this effect, sorption measurements were done under static condition. 
Adsorption studies have been conducted to determine the relative distribu-
tion of radiotracers between solid and liquid phases. 
17 
The initial step in the study of the competitive forces has been to 
determine the distribution of Cs 137 and Pu237 in different liquid-solid 
systems. The presumed lack of free oxygen in subsurface formations has led 
to a series of experiments under deoxygenated conditions. 
The general technique is to place 100 ml of the liquid in a flask with 
a known amount (usually 1 gram) of the mineral to be studied, and to add a 
known amount of radionuclide. Samples of the solid and liquid are separ-
ated at intervals and the radioactivity of each fraction is measured. The 
deoxygenated system consisted of flasks connected in series by flexible 
tubing through which a flow of water-saturated nitrogen was maintained. 
Cesium adsorption 
Sorption measurements began with Cs 137 as the radiotracer and in-
cluded several variations in technique due to uncertainty as to the effect 
of stirring and the presence (or absence) of oxygen. It was found, how-
ever, that stirring is not a factor of concern in these experiments. The 
presence or absence of oxygen also did not seem to cause any significant 
difference in the Cs 137 results, although the system of oxygen exclusion 
was admittedly less than absolute. The nitrogen gas used was known to 
contain a few parts per million of oxygen, but based on its partial pres-
sure, the dissolved oxygen in the water was obviously quite low. Table 4a 
summarizes the results obtained in several different runs of four weeks' 
duration for the various bed materials of interest. In each instance, only 
the radioactivity of the liquid is given, as determination of the activity 
of the solid would have required termination of the experiment. From this 
table it is seen that sand had the least affinity for Cs
137 and basalt had 
the greatest, although it is to be noted that both sand samples were much 
coarser than the other minerals. The intermediate value obtained for the 
18 
TABLE 4a. Summary of Cesium Adsorption Tests on Various Rock Types 
Description Oxygen Stir Initial 4 weeks Kd,ml/g 
1. Sand(60-140 Mesh) No Yes 13,985 8,265 1.4 
2. Magenta Dolomite 
(325-500) No Yes 17,175 1,245 13 
3. Basalt(325-500) No Yes 19,060 464 40 
4. Shale(250-270) No Yes 17,238 892 18 
5. Culebra Dolomite 
(250-270) No Yes 18,441 483 37 
6. Limestone(200-250) No Yes 19,357 1,644 11 
7. Basalt(325-500) Yes Yes 18,341 423 42 
8. Basalt(325-500) Yes No 19,540 409 47 
9. Basalt(325-500) Yes Yes 16,526 1,306 12 
+ Kaolin 
10. Sand(35-60) Yes No 17,525 11,442 0.53 
Each sample 1.00 g of the specified sample in 100 ml of 0.028 pCi/m1 Cs-137 
TABLE 4b. Percent Removal of Cs-137 from Liquids 
in Contact with Mineral Particles 
Basalt 	Shale 	Limestone Magenta Culebra 
81.5 95.1 29.7 90.1 92.1 
82.4 90.4 71.5 90.0 90.3 
75.8 92.0 12.3 79.5 
82.4 72.7 
39.2 84.7 14.7 57.0 22.8 
15.2 









1.0 M NaC1 
1.0 M NaC1 
deoxygenated 
(a) Prepared from distilled, deionized water reflexed in contact with the 
corresponding mineral for several weeks. 
(b) Same as (a), except stirred instead of reflexed. 
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basalt-kaolin combination (#9) is believed due to incomplete removal of 
the kaolin from the sample which retained a visible turbidity. 
In another set of experiments the effects of deionized water and brine 
were compared in the adsorption of Cs 137 on basalt and kaolin. Kaolin 
coagulated rapidly in the presence of salt water. The results showed that 
if basalt is first brought into equilibrium with saturated brine its sorp-
tive capacity for Cs 137 is greatly reduced. This is probably due to having 
most of the active sites on the surface filled by sodium ions. Similar 
results were seen for kaolin, although reduction of exposed surface area 
due to coagulation might account for a small reduction in sorptive capac-
ity. 
The mineral substrates investigated in this series were Sentinel Gap 
basalt, Conasauga shale, oolitic limestone, Magenta dolomite, and Culebra 
dolomite. The results of comparative tests with such rock samples are 
summarized in Table 4b. Except for limestone, dissolved cesium is strongly 
removed from deionized water; the presence of NaC1 inhibits Cs removal. 
The general pattern of these results shows that increasing ionic 
strength of the liquid phase reduces the sorption of cesium on the mineral. 
This effect is probably due to competition between ions for the limited 
number of adsorption sites on the surface of the substrate. The Absence of 
oxygen in distilled, deionized water had little, if any, effect except in 
the case of limestone, where sorption was greatly increased in the absence 
oxygen. Oxygen was excluded from the sodium chloride solutions in only one 
instance (with basalt) where a significant decrease in sorption on the 
mineral was observed. 
To determine if beaker wall adsorption affected the activity appre-
ciably, some flasks were first treated by filling with a 0.01 M solution of 
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non-radioactive cesium chloride for three days prior to use. In most 
instances the results were very similar to those obtained in untreated 
flasks, and it was concluded that pretreatment is not necessary. 
The ease with which the sorption equilibrium can be shifted was demon-
strated by the addition of 10 ml of 6.2 M NaC1 solution to each of the 
samples used in the experiments of Table 4. The added sodium displaces 
some of the adsorbed activity, increasing the activity in the liquid phase, 
as shown by the data of Table 5. These data include a correction for 
dilution by the added liquid. It is evident that tracer adsorption is less 
from equilibrated water, with its concentration of competing dissolved 
ions, than in deionized water. NaC1 reduced adsorption on basalt, but 
seemed to have little effect on dolomite sorption. 
To obtain further evidence on this effect, an additional series of 
tests was carried out on saline solutions, in the same manner as pre-
viously; the results are summarized in Table 6 and Fig. 4. Except for 
limestone, increased salt concentration clearly decreased available ad-
sorption sites, as expected. In all cases, adsorption on limestone was 
appreciably less than in other minerals; however, because of the friable 
nature of oolitic limestone, for groundwater flow in limestone higher 
concentrations of fine particulates may be available as carriers, compen-
sating for lower specific uptake. 
Neptunium sorption  
The migration of transuranium elements from both reprocessed high-
level waste or spent fuel waste is of considerable interest. To simulate 
the effects of long-lived Np isotopes, both Np-235 and Np-237 tracers were 
employed. The neptunium-237 was obtained from Pu-237 tracer solutions 
that had undergone decay (half life 45.6 days). The isotopic purity was 
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TABLE 5. Depletion of Cs-137 Activity in Water in the Presence of 
Rock and Various NaC1 Additions. 

























1. Basalt Distilled, 	deionized 
deoxygenated 1190 98 1534 
2. Basalt 1.OM NaCl, deoxygenated 3364 2798 2535 0.33 
3. Basalt Distilled, 	deionized 1066 148 1189 
4. Basalt Equilibrated (refluxed) 1649 312 1887 
5. Basalt Equilibrated (stirred) 1990 295 1770 0.12 
6. Basalt 1.OM NaC1 3841 2169 2265 0.70 
7. Shale Distilled, deionized 
deoxygenated 1254 86 240 4.2 
8. Shale Distilled, deionized 1425 12 183 6.8 
9. Shale Equilibrated (stirred) 2018 46 265 6.6 
10. Shale 1.0M NaCl 2693 349 306 7.8 
11. Limestone Distilled, deionized 
deoxygenated 984 231 1242 
12. Limestone Distilled, 	deionized 1181 763 1412 
13. Limestone Equilibrated (stirred) 2249 1863 2596 
14. Limestone 1.OM NaCl 3001 2495 2569 0.17 
15. Culebra Distilled, deionized 
deoxygenated 905 49 602 0.50 
16. Culebra Distilled, 	deionized 1385 67 878 0.58 
17. Culebra Equilibrated (stirred) 1413 413 1516 
18. Culebra 1.OM NaCl 2826 2015 907 2.1 
19. Magenta Distilled, 	deionized 
deoxygenated 1127 52 449 1.5 
20. Magenta Distilled, 	deionized 1170 101 553 1.1 
21. Magenta 1.OM NaC1 2726 987 1111 1.4 
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TABLE 6. Adsorption of Cs-137 from Sodium Chloride 
Solutions of Different Concentrations 
NaC1 
Concentrations Basalt Limestone Shale Magenta 
Millimoles/1 
0.% 89.5% 48.0% 96.2% 95.7% 
5. 90.1 29.2 95.5 89.8 
10. 88.3 25.9 94.5 91.2 
15. 87.3 35.4 93.2 89.3 
25. 82.6 28.5 92.1 89.6 
50. 77.6 29.2 91.2 84.1 
100. 71.0 33.0 90.5 78.4 
500. 51.8 29.0 86.7 66.1 






































N: Coansauza Shale 
• r. razenta. 
10 
2.aC1 Concentration, =al/liter 
Fig. 4. Relative Adsorption of Cs-137 on Various 
Minerals at Various NaC1 Concentrations. 
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checked by y-ray spectroscopy, with special attention to the 60 keV conver-
sion peak from Pu-237. 
Initial two-phase tests were mainly confined to adsorption on 25-48 
mesh basalt. Balancing out total activity, almost 100% of the tracer 
activity was accounted for in tests with varying amounts of basalt. 
Np-237 in an acidic solution (pH 2.05) was diluted with distilled, 
deionized water for each test. The apparent K d values obtained were as 
follows: 












These results are best explained by assuming that at the higher pH of 
the basalt-equilibrated water a nearly constant proportion of the neptu-
nium precipitates from the solution, regardless of the actual amount of 
mineral present. The test was repeated with 250 X of acidified Np solution 
and 19 ml of water with very similar results, with a slightly higher loss 
of activity by precipitation at all but the lowest mineral additions. 
However, there has been considerable question about the validity of K d 
 values obtained in this fashion when it is not certain that mineral and 
solutions are in equilibrium. 
To test the proportion of anionic Np complexes present in solution, 
sorption tests were done with anion and cation exchange resins in suspen-
sion. Starting at pH 2.6 and adding 0.5 g ion exchange resin of either 
type to 15 ml of Np solution extracted about 42% of the tracer with both 
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resins, suggesting the presence of both Np-IV and Np-II in comparable 
proportions. In contrast, in a similar test at pH 9.5, most of the Pu in 
contact with cation resin was removed and about 70% of Np in contact with 
anion resin. 
Adsorption on , Suspended Particles  
The adsorption of radioisotopes on the very small particles that 
constitute the mobile solids has been investigated for various source 
solutions. The procedure was essentially the same as that used with the 
granular material of much larger particle size, but some manipulative 
refinements were required. In order to obtain enough solids with which to 
work, it was necessary to centrifuge the normally stable sols that were 
used in this work. Kaolin, vermiculite, and basalt particles were concen-
trated in this manner. The kaolin was treated with hydrogen peroxide in a 
buffer solution in order to oxidize any organic matter present which could 
exert absorptive capability disproportionately to its quantity. Excess 
peroxide and other extraneous solubles were removed by washing and centri-
fuging several times. The concentration of particles was approximately 
equalized by dilution with water until the suspension of all three minerals 
showed the same percent transmission of light when measured spectrophoto-
metrically. Experiments were then carried out with these suspensions, 
varying the quantity of suspension, tracer concentration, sodium chloride 
concentration, and pH. 
Table 7 shows the results of Cs
137 sorption from solutions made from 
distilled, deionized water. Three tests of each permutation were 
required; one each for vermiculite, kaolin, and basalt. It is seen that 
the tracer concentration has little bearing on the fraction adsorbed. The 
amount adsorbed leveled off with increasing particle concentration to an 
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TABLE 7. Cs-137 Adsorption on Suspended Particles 
A) Effect of particulate concentration 
Residual 
Suspended 	Concentr. Initial 	Final 	activ. in Percent 
Mineral (ml of susp.) Count Count solution 	uptake 	Kd 
	
(cpm) 	(cpm) 	(%) (%) (ml/g) 
Vermiculite 	3.0 	14815 	9376 	63.3 	36.7 	0.58 
2.5 15358 12280 80.0 20.0 0.25 
2.0 	14646 	9970 	68.1 	31.9 	0.47 
1.5 14548 10430 71.7 28.3 0.39 
1.0 	13657 	11295 	82.7 	17.3 	0.21 
Kaolin 	 3.0 17403 12441 71.5 28.5 0.40 
2.5 	14340 	13020 	87.0 	13.0 	0.15 
2.0 15833 13478 85.1 14.9 0.18 
1.5 	15187 	14382 	94.7 	5.3 	0.056 
1.0 14840 13840 93.3 6.7 0.072 
Basalt 	 3.0 	13387 	12734 	95.1 	4.9 	0.052 
2.5 14746 12825 87.0 13.0 0.15 
2.0 	14527 	12906 	88.8 	11.2 	0.13 
1.5 14324 12798 89.3 10.7 0.12 
1.0 	13588 	13555 	99.8 	0.2 	0.002 
B) Effect of Cs-137 concentration  
Vermiculite 	0.050 	7569 	3961 	52.3 	47.7 	0.91 
0.075 11459 
0.150 	22888 	18570 	81.1 	18.9 	0.23 
0.250 40822 35126 86.0 14.0 0.16 
Kaolin 	 0.050 	6708 	5527 	82.4 	17.6 	0.21 
0.075 10602 9663 91.1 8.9 0.10 
0.150 	22121 	21540 	98.7 	1.3 	0.013 
0.250 38431 38400 99.9 0.1 0.001 
Basalt 	 0.050 	6464 	5306 	82.0 	18.0 	0.22 
0.075 9187 8687 94.6 5.4 0.057 
0.150 	26637 	25752 	96.7 	3.3 	0.034 
0.250 38394 40173 105.0 
C) Effect of NaCl concentration  
Vermiculite 	0.005 	16419 	14184 	86.4 	13.6 	0.16 
0.010 15060 13936 92.5 7.5 0.08 
0.020 	14820 	13833 	93.3 	6.7 	0.072 
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equilibrium partition factor; this is shown in Fig. 5. Adsorption on 
vermiculite was clearly above the others; quantitative evaluation must 
await more precise surface area determination. 
The effect of salt in solution was most striking and significant. 
Except for vermiculite at low salt concentrations, NaCl appears to pre-
empt adsorption sites and to interfere with tracer uptake. It, therefore, 
follows that suspensions are less likely to adsorb cesium from solution in 
a saline environment, but on the other hand, once adsorbed, cesium is also 
less likely to desorb into saline water. 
Plutonium sorption  
The adsorption of Pu-237 on particles in suspension in deionized, 
deaerated water was also determined. Table 8 lists the results where it 
may be seen that kaolin absorbs the radioisotope much more strongly than 
either vermiculite or shale. However, because of the different pH values 
prevailing, conditions cannot be considered strictly comparable. 
TABLE 8. Pu-237 Adsorption on Suspended Minerals  
Mineral 	 Concentration 	 pH 	 K, 
Suspension (mg/ml) 	 (D217g) 
Vermiculite 	 51.03 	 7.32 	 1985 
Shale 	 62.27 2.92 751 
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Fig. 5. Adsorption of Cs-137 on Mineral Suspensions from DI Water. 
Technetium sorption  
Table 9 presents the results of a series of tests on the adsorption of 
Tc-95m on various mineral samples from equilibrated water at a pH around 5. 
At that pH value, Tc precipitation is not considered likely and it is of 
interest to note that about half the Tc activity appeared on all the 
mineral surfaces. 
Multiphase Experiments  
More significant in terms of field conditions are a series of experi-
ments performed to measure sorption from equilibrated solutions in the 
presence of excess mineral matter. The initial set of tests each involved 
one gram of 25-40 mesh mineral (sand, limestone, shale, basalt), a particle 
suspension containing approximately 4.35 mg kaolin in distilled, deionized 
water, and 5 pl of 9.4 pCi/ml Cs-137. After contacting, thirty minutes of 
centrifugation were required to remove the kaolin from suspension, and 
thirty minutes of ultrasonic agitation were required to fully suspend the 
particles. Table 10 shows the results that were obtained. 
In earlier adsorption tests of Cs-137 on basalt, no competing suspen-
ded matter was present. The uptake and corresponding Kd value was found to 
increase as the quantity of basalt was increased up to a total of 0.10 g. 
At the 0.1 g level, 43% of the activity was associated with basalt. At a 
constant radioisotope concentration, uptake would be expected to depend on 
the quantity of mineral matter present. Note that even a small amount of 
kaolin, compared with the amount of mineral present, adsorbed a signifi-
cant fraction of the Cs activity. 
Technetium sorption was measured in experiments involving a kaolin 
suspension, Tc-95m tracer, and shale, limestone, and basalt as the mineral 
matter. The liquid volume of 20 ml was composed of 10 ml of kaolin 
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Initial pH 	Final pH Initial 2 day 	Uptake 	K, 
sample 	sample (%) (ml g) 
Shale #1 4.9-5.0 4.8-4.9 7617 3816 49.9% 1.0 
Shale #2 4.9-5.0 4.8-4.9 7693 4254 44.7 0.81 
Basalt #1 4.9-5.0 4.9-5.0 7800 4190 46.3 0.86 
Basalt #2 4.9-5.0 4.9-5.0 7392 3623 51.0 1.0 
Limestone #1 4.9-5.0 4.5-4.6 7174 3845 46.4 0.87 
Limestone #2 4.9-5.0 4.5-4.6 7426 3141 57.7 1.4 
Sand #1 4.9-5.0 4.9-5.0 7843 3795 51.6 1.1 
Sand #2 4.9-5.0 4.9-5.0 7490 3759 49.8 0.99 
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Table 10 
Cesium Adsorption Tests 
Run 
ii 
Net counts per minute 
Activity DistributiOn 











per g Mineral 
Suspended 
(Kaolin) Liquid .Mineral 
Kaolin 
Suspension 
1B 53142 215 743 45417 1503 3.45 x 10 85.5 2.8 8.1 211.0 ' 	1607 
2B 53204 198 695 43565 . 	1741 4.00 10 81.9 3.3 7.4 220.0 2021 
IL 54411 1047 1137 35935 1408 3.24 10 66.0 2.6. 38.5 34.3 309 
2L 45003 859 897 30564 2075 4.77 10 5 67.9 4.6 38.2 35.6 555 
1Sd 43374 999 1826 17320 4558 1.05 106 40.9 10.8 47.2 17.3 1049 
1Sd 45994 1175 1822 17014 4606 1.06 106 37.0 10.0 25.5 14.5 901 
IS 60485 83 405 50886 7688 1.77 106 82.8 12.7 2.7 613.0 21293 
2S 62257 43 256 47569 9992 2.30 10 6 76.4 16.0 1.4 1106.0 53419 
basalt 
L P limestone 
Sd n sand 
S u shale 
suspension plus 10 ml of water equilibrated to the corresponding mineral. 
The quantity of mineral added was varied from 0.05 to 1.0 grams. At the 
beginning of this experiment it was noted that in the tubes containing 
shale the kaolin coagulated and settled out rapidly. This was probably due 
to the higher ionic strength of the shale-equilibrated water resulting 
from the greater solubility of the components of shale. The conductivity 
and pH of the mineral-equilibrated waters are given in Table 11. From the 
high conductivity value for shale it is concluded that the high ion concen-
tration was responsible for the coagulation of the kaolin particles; this 
effect probably invalidates the shale results for the present purpose. 
Table 12 presents the results obtained for kaolin suspensions in the pres-
ence of basalt and limestone. 
TABLE 11. Properties of Mineral-Equilibrated Waters 
Mineral 
	
Conductivity (4 /cm) 	 pH 
Basalt 180 8.08 
Limestone 320 8.27 
Shale 630 6.80 
Sand 10 6.72 
Since technetium does not form strong cations, one would not expect 
significant adsorption on any of the minerals at high pH values. However, 
even so the data in Table 12 indicate competitive adsorption on the kaolin 
suspension with both basalt and limestone under equilibrated-water condi-
tions. Note that a small, but finite fraction of the activity clung to the 
test tube. Earlier tests of Tc-95m adsorption on basalt, without the 
presence of suspended matter in competition, averaged about 48% uptake, at 
pH 5 as shown in Table 9. About 50-55% was observed for limestone. The 
difference between those data and the above experiment would indicate that 
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Run 
Table 12. 	Technetium Adsorption 
minute 
on Kaolin Suspensions. 
Adsorption Distribution 
(% initial activity) • 
K
a 






Tube 	Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
1B 0.05 41946 1579 110 572 1184 1.36 2,82 75.3 • 7.2 344 
28 0.10 38423 1463 138 650 915 1.69 2.38 76.1 4.4 287 
3B 0.25 38882 1479 170 804 794 2.07 2.04 76.0 2.2 246 
4B 0.50 37794 1438 132 911 673 2.41 1.78 76.0 1.3 215 
5B 1.00 38283 1435 163 1563 534 4.08 1.39 75.0 1.1 171 
IL 0.05 41339. 1581 149 133 1381 0.32 3.34 76.5 1.7 401 
2L 0.10 37190 1442 160 171 1168 0.46 3.14 	. 77.5 1.2 372 
3L 0.25 43557 1686 188 275 791 0.63 1.82 77.4 0.65 215 
4L 0.50 44675 1745 161 355 360 0.80 0.81 78.1 0.44 95 
5L 1.00 38747 1494 126 839 287 2.20 0,74 77.1 0.56 88 
B 4  basalt 
L = limestone 
the kaolin, at the higher pH in the three-phase tests, can still attract 
some of the technetium otherwise remaining in solution. A definite depen-
dence of the partition coefficients on the quantity of mineral present is 
obvious. 
For measurements on plutonium migration, modifications were made to 
the general procedure for a series of experiments in which the pH was 
adjusted and maintained. The minerals involved were 1 g portions of 25-40 
mesh shale, limestone, basalt, and sand. The suspended matter was kaolin, 
and the radioisotope was Pu-237. The total volume in each test tube was 15 
ml. The pH was adjusted by adding NaOH solution after all the other 
components were present, but in later experiments the pH was adjusted in 
the tracer solution itself prior to the addition of the other components. 
Table 13 is a tabulation of the results obtained. A repetition of the 
limestone experiment where the pH was slightly higher and half the liquid 
was equilibrated water is given in Table 14. In both cases, little activ-
ity was lost to the test tube. Three of the four K
d 
values for limestone 
were quite close, but the presence of equilibrated water produced a very 
large difference in the K
d 
values for kaolin. 
The quantity of granular basalt was varied in another set of experi-
ments also presented in Table 14. Again, it is seen that the kaolin 
adsorption values are substantially higher than those for minerals, i.e. 
at normal pH plutonium will absorb strongly on any available suspended clay 
particles. 
A different batch of kaolin suspension was used in some experiments to 
determine if the size of the suspended particles had any ascertainable 
effect on the results. When the kaolin suspension consisted of particles 






TABLE 13. Plutonium Adsorption Tests 
counts per minute 
- Three-Phase Systems 
Adsorption Distribution 
- (7. initial activity) KD(m1/g) Net 
Initial Final Tracer Liquid 
Empty 
The 	Mineral Suspended Mineral Suspended Liquid Mineral Suspendec 
Si 7.5 7.5 24793 248 94 1023 23418 4.1 94.5 0.9 61.0 . 	17300 
S2 7.4 7.5 24842 114 50 1231 23306 5.0 93.8 0.3 162.0 37400 
LI 7.5 7.6 24915 220 75 1599 22942 6.3 92.0 0.5 109.0 19100 
L2 7.4 7.5 24687 230 80 944 23731 3.8 96.1 0.5 61.5 18900 
BI 7.5 7.4 24073 0 32 1982 19507 8.2 81.0 
32 7.5 7.6 23982 164 62 1839 19499 7.6 81.3 0.4 168.0 21700 
Sdl 7.5 7.4 23271 160 10 2155 20052 9.2 86.2 0.4 202.0 22900 
Sd2 7.1 7.2 23302 174 23 2439 19983 10.5 85.7 0.4 210.0 21000 
S T. shale 
L 	limestone 
B T. basalt 
Sd 	sand 
Table 14. Plutonium Absorption on Kaolin in the Presence of Limestone 
and Basalt from Equilibrated Water 
Run 
# 
pH Net counts per minute . (% initial activity ) 
Initial Final. Tracer Liquid 
Empty 























Absorption uisErtouL.Lou 	. 
PH Net counts per minute % initial activity 
Basalt Empty 
3 Initial Final Tracer Liquid Tube Mineral Suspended Mineral 	Suspended Liquid. 
0.01 7.11 	7.07 26200 2856 524 0 17435 0 66.5 10.9 
0.02 7.59 7.55 25613 1690 ,423 108 19855 • 0.42 77.6 6.6 
0.03 7.10 	7.04 26031 1629 276 131 18018 0.50 69.2 10.1 
0.05 7.38 7.41 25503 2046 385 279 	• 18372 1.09  72.0 8.5 
0.00 7.46 	7.43 26042 2056 577 . 21031 . 80,8 8.9 
difficulty was encountered. It was not possible to clarify the supernatant 
by centrifugation; consequently, half-gram portions of NaCl were added, 
the tube shaken one minute, and then centrifuged for two minutes. This 
produced a rapid clarification of the liquid, and due to the short time the 
NaC1 was present, probably did not significantly alter the existing equi-
librium. The results of these tests are presented in Table 15. The 
relationship of absorbed tracer to the quantity of mineral present is very 
clear, as there is a steady increase in net counts as the weight of mineral 
was increased. However, the K d values were lower probably because of less 
kaolin availability. Additional runs over a range of mineral concentra-
tions for limestone, shale, basalt, and sand at different pH values are 
tabulated in Table 16. They all show an approach to equilibrium as the 
amounts of mineral present are increased; for basalt that K
d 
value seemed 
to be of the order to 20 ml/g, for limestone about 40 ml/g, whereas the 
kaolin adsorption, although erratic, seemed to be relatively independent 
of mineral concentration for a given initial tracer concentration. 
Table 17 is a summary of the results of experiments in which neptunium 
was the tracer and the variable were the type and quantity of bed material, 
the type of suspended particles, and also the temperature. On the basis of 
these results it is not possible to identify any specific temperature 
effect between tests at 10 °C and 60 °C. If there was any temperature 
effect, it was not very large and is obscured by the scatter believed to be 
inherent in this type of experiment. 
Partition coefficients associated with the suspended particles, 
except vermiculite, are generally in the 10 3 to 104 ml/g range. These high 
values are a consequence of the affinity of the mineral for neptunium and 
the large surface area per gram presented by the finely divided 
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Table 15 













Tube Mineral Suspended 
Suspended 
Mineral 	(Kaolin) Liquid 
Suspended 
Mineral 	(Kaolin) 
1Sh 0.05 7.94 7.56 17167 146.9 1245 230 12777 1.3 74.4 14.4 31 1060 
2Sh 0.1 7.45 7.46 17199 387.3 1125 338 12428 2.0 72.3 38.0 9 . 	391 
3Sh 0.2 7.61 7.50 16915 943.1 1181 422 7200 2.5 2 93. 
4Sh 0.5 7.74 7.63 17273 494.5 1086 814 11703 4.7 67.7 46,0 3 288 
5Sh 1.0 7.56 7.58 17408 475.6 1191 •1734 12114 10.0 69.6 46.0 4 310 
1S 0.05 8.78 8.03 17360 676.5 1291 119 10305 0.7 59.3 65.7 4 186 
2S 0.1 8.78 8.12 16974 680.3 1312 124 970 2 0.7 57.2 67.5 2 174 
3S 0.2 8.53 7.98 16806 594.7 1311 299 9270 1.8 55.0 53.1 3 190 
AS 0.5 9.46 8.37 17211 559.9 1375 584 9325 3.4 ' 54.2 54.8 2 203 
5S 1.0 8.79 8.17 17301 '691.5 1300 675 10781 3.9 .62.3 57.6 1 222 
S = sand 
Sh R shale 
Run Mineral 
8 
PH Net counts per minute 
Adsorption Distribution 
(7, initial activity) 




Tube 	Mineral Suspended' Mineral Suspended Liquid 
1Sh 0.05 6.71 6.47 9944 88.1 112 646 6980 6.5 70.2. 14.9 
2Sh 0.10 6.48 6.48 10428 113.1 120 812 7280 7.8 69.8 18.3 
3Sh 0.25 6.50 6.60 10282 94.0 114 1030 7111 10.0 69.2 15.4 
43h 0.50 7.13 6.94. 9477 60.5 117 1135 7504 12.0 79.2 10.8 
1S 0.05 6.65 6.13 11131 162.4 107. 348 8677 3.1 77.9 24.5 
2S 0.10 6.55 6.62 9651 148.8 110 639 5988 6.6 72.4 26.0 
3S 0.25 6.68 6.51 9802 185.1 112 717 6740 7.3 68.8 31.8 
43 0.50 6.97 6.51 11484 147.7 115 1053 8392 9.2 • 73.1 21.7 
13 0.05 8.86 8.62 9841 125.1 110 1587 6238 16.1 63.4 21,2 
23 0.10 8.66 8.65 9723 93.1 97 949 7169 9.7 73.7 16.1 
3E 0.25 8.48 8.35 10027 131.5 113 1626 6221 16.2 62.0 22.1 
.-.• 0 43 0.50 8.60 8.57 9937 172.9 86 1697 5771 17.0 58.1 29.3 
IL 0.05 9.04 8.83 9611 158.0 75 1234 5849 12.8 60.9 27.7 
21, 0.10 8.55 8.50 9972 103.2 102 1562 6612 15.7 66.3 17.4 
31, 0.25 9.20 8.87 9437 144,1 107 1467 5627 15.5'. 59.6 25.7 
4L 0.50 8.78 8.64 9561 90.0 130 1991 6239 20.0 65.2 15.9 
1B 0.05 7.04 6.36 9832 150,3 103 810 7300 8.2 74.2 25.8 
23 0.10 7.12 6.83 9356 161,6 115 867 7165 9.3 76.6 29.1 
33 0,25 7.22 6.84 9364 168.0 102 1110 6446 11.8 68.8 30.2 
43 0.50 7.35 6.82 12863 141.7 99 1803 9557 14.0 74.3 18.6 
IL 0.05 7.82 7.03 11503 125.6 113 921 8666 8.0 75.3 18.4 
21, 0.10 7.83 7.24 12292 95.7 95 1019 10085 8.3 82.0 13.1 
31, 0.25 7.88 7.30 9100 92.3 87 1230 7355 13.5 80.8 17.1 





























TABLE 16. PlutoniuM Adsorption Tests on Various Minerals with Different 
Mineral Quantities. 
Sh d shale 	B 4 basalt 
S e  sand L 	limestone 






Type 	Amt(g) 	Suspended 	Tracer 	Initial 	Final 	Temp. 	Bed 	Particle 
Particle 





I/ 9.09 7.25 9 5.2 1.6 x 104 
It f I 	 9.6 	9.1 	9 	4.9 1.5 x 104 9 8.6 8.23 II 4.9 1.3 x 10 3 
If 	7.3 	8.8 	9 	3.0 	6.7 x 10 3 
	
9.13 7.49 If 3.4 8.2 x 10 3 
If 	 If 	7.1 	8,8 	If 	3.2 	7.1 x 10 3 9 8.07 8.30 f I 	 8.8 
9 	7.04 	6.93 	9 15 	7.5 x 
9.7 x 103 
9 	 6.73 7.12 9 	30 
104 
1.7 x 10 
Vermiculite 	" 	7.32 	7.12 	II 16 	63 




1 7.5 	7,01 	 27 
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1.9 x 104 
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Table 17  (continued) 
pH 	 Kd (m1/g) 
Suspended 	Tracer 	Initial 	Final . Temp. 	Bed 	Particle 
Particle 
	
8.7 	7.01 	60 	6.5 	1.6 x 10 3
3 
8.1 6.7 it 7.2 1.6 x 103 
9.47 	- 	 II 	11 	1.8 x 10 3 
8.04 
ir 2.9 4.0 x 10, 
10.4 	9.0 	 tt 	18 	1.1 x 10 .' - 3 
10.82 9.5 t, 12 7.1 x 104 4 
10.4 	8.2 	TT 	15 	2.2 x 10 4  
10.5 8.2 11 36 2.2 x 10• 
Kaolin 	Np -235 
11 
It 	 It 
It 	 II 
II 	 It 




Shale 	Np -237 
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Bed Material 	 pH 








Kaolin 	Np-237 	8.88 	8.43 	20 	 16 	1.3 x 10 4
4 
9.09 8.78 II 39 2,8 x 10 4 
II 	• 	 II 	 It 
m 'I m 7.02 	 60 	 39 	4.1 x 10 
m 	m 	 It 	 m 
m m Np-235 	9.8 	7.9 	20 	 18 	5.3 x 10 3 m 	m 	 m 	 m 9.3 7.83 m 7,9 1,5 x 104 m m m m 8.8 	8.17 	60 	 5.4 	6.2 x 10 1 




















































ft 	 11 
It 	 It 
II 	 It 
It 	 II 
It 	 It 
II 	 II 
It 	 II 


























Table 17 (continued) 
9.8 x 10 4
3 
 1.3 x 
7.3 x le 3 8.8 x 10  
8.4 x 10 3 
9.3 x 10 3 
9.1 x 104 
1.3 x 
8.1 x le 
4.7 x 10 1 
 7.2 x 104
1 
 1.6 x 10 
 
1,4 x 10 
Table 17. (continued) 
Bed Material pH K
d 
Type Amt(g) Suspended Tracer Initial Final Temp. ° C Bed Particle 
Particle 
Sand 1 Kaolin Np-237 7.18 60 21 7.3 x 10
3 
6.23 1, 9.5 4.7 x 10
3 
u Np-235 9.18 20 11 3.5 x 10
4 
tt It 9.5 ,, 49 3.6 x 10
3 
.`. 
.P" VI It 10.8 9.4 II 10 4.0 x 10 3 
1, 1, II II 10.6 8,9 II 7.5 8.8 x 10 3 
II II II 8.98 60 8.7 1.4 x 10
3 
II II II 9.20 1, 10 7,6 x 102 
II II II 10.3 9.2 If 14 6.2 x 10 3 
It II It 10.5 10.1 u 14 9.9 x 10 3 
II II I/ II 10.7 8.7 II 14 5.8 x 103 
Ii 11 It II 10.4 8.7 u 7,1 x 104 
Shale u Vermiculite Np-237 7,93 7.48 20 42 3.0 x 10
2 
” ” 7.84 7,62 36 1.8 x 102 
particulates. This indicates that under field conditions only a small 
quantity of suspended particles would be required to equal the sorptive 
capacity of very large masses of fissured bedrock. It follows that gram 
for gram the suspended material is a much more effective absorber, even for 
neptunium; in other words, even in the presence of substantial areas of 
exposed rock surfaces, a relatively low concentration of suspended clay 
particles may attract a significant fraction of the dissolved waste ions. 
The data of Table 17 do not reveal any uniform trend with respect to 
either initial or final pH in the range involved here. It does appear, 
however, that Kd values for kaolin particles in the presence of basalt may 
be somewhat higher when the initial pH is above 10. 
Effects of Radiation and Temperature on Adsorption  
In determining the adsorption of radioisotopes by various substrates, 
the question arose as to possible effects of a high radiation field on the 
liquid/solid distribution of the radioisotope. A slurry of kaolin in water 
was prepared and Cs-137 was added. The mixture was divided among twelve 
test tubes and placed in a 12,000 Ci Cesium-137 irradiator. Upon removal 
from the irradiator, each tube was centrifuged, and a sample removed for 
counting. The values observed were compared with samples collected prior 
to irradiation. The findings are shown in Table 18 and Fig. 5. 
Exact doses were not measured, but only the two tubes closest to the 
source showed any significant variation from the average of the other ten 
tubes. The maximum dose was approximately 1.5 megarad. It was also noted 
that the temperature of the two deviant tubes was appreciably higher than 
that of the others, thereby leaving unanswered the question of whether the 
radiation or the higher temperature produced the observed effect. 
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Figure 5. Effect of Gamma Radiation on Cs-137 Uptake on Kaolin ° 
TABLE 18. Effect of Gamma Irradiation on Cs Uptake on Kaolin 









on Kaolin Kd 
(ml/g) 
1. (1,1.5 MR) 17342 7144 58.8 1.4 
2. 16716 7211 56.9 1.3 
3. 16684 5393 67.8 2.1 
4. 16544 5081 69.3 2.3 
5. 16264 4444 72.7 2.6 
6. 16508 5314 67.8 2.1 
7. 16783 5836 65.2 1.9 
8. 15904 5480 65.5 1.9 
9. 16161 4614 71.4 2.5 
10. * 15263 5193 70.0 1.9 
Standard #1 14239 5198 63.5 1.7 
Standard #2 15531 5178 66.7 2.0 
"Standards" were not irradiated 
TABLE 19. Temperature Effect on Cs Adsorption on Kaolin 
First 	Second 	Z Absorbed 
Tube # 	Temperature ( °C) 	Sample Sample on Kaolin 	Kd 
(cpm) 	(cpm) 	 (ml/g) 
1 0°C 21594 10195 52.8 1.1 
2 23°C (room temp.) 21369 8782 58.9 1.4 
3 51°C 21526 11814 45.1 0.83 
4 56°C 20958 10889 48.0 0.91 
5 65°C 22469 13738 38.8 0.63 
6 81°C 23800 16553 30.5 0.43 
To resolve the question if temperature played any part in the uptake 
observed, additional experiments were performed in which temperature was 
the variable. Tubes were prepared containing Cs-137 and water as before, 
but each was brOught to a selected temperature before the kaolin was added. 
After 175 minutes contact, each tube was centrifuged, a sample was removed, 
and compared with initial samples. Although the tubes returned to near 
room temperature during the period of centrifugation, it is clear from the 
results presented in Table 19 and Fig. 6 that there was definitely a 
temperature effect as expected; increasing temperature decreased the ad-
sorption of Cs-I37 on kaolin. This temperature effect was sufficient to 
explain the differences observed in the radiation field. However, this 
subject cannot be considered closed. 
A further study was made of the temperature effect, utilizing shale in 
place of kaolin. The experiment was carried out as before and the results 
are displayed in Table 20 and Fig. 7. In this case, Cs adsorption in-
creased as the temperature rose, the opposite effect to that observed with 
kaolin. 
PARTICLE MIGRATION TESTS 
The movement of suspended particles that may carry some nuclides from 
the repository area has been studied in an extensive series of column tests 
simulating subsurface flow conditions. The columns consisted of 61 cm long 
polycarbonate tubes, 1.3 cm ID, packed with 40-50 mesh (355-425 pm) crushed 
rock. Rock samples used as bed materials included sand, basalt, limestone, 
and shale, of the type described above. A suspension of kaolin was passed 
steadily through the columns, typically at a flow rate of 1 ml/min. The 
water was deaerated by passing through a sparging column through which 
nitrogen gas was bubbled. 
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Figure 6. Effect of Temperature on Cs Adsorption on Kaolin 
90— 
80., 
TABLE 20. Temperature Effect on Adsorption of Cs-137 on Shale 
Temperature . 	First Sample 	Second Sample 
Tube # 
	




1 0.0 14166 7109 49.82 
23.1 13762 6331 54.00 
3 34.0 14790 2086 85.9 
4 46.0 15495 1509 90.3 
5 61.5 14416 1187 91.6 
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Figure 7. Effect of Temperature on Cs Adsorption on Shale 
At a specific moment a small amount of neutron-activated kaolin sus-
pension was injected into the stream just above the column. This sample 
had been exposed in the Georgia Tech Research Reactor to produce an easily 
detected sodium-24 tracer activity, associated with an internal impurity 
in the kaolin. This activity was used to locate the position of retained 
kaolin particles in the columns and to monitor their arrival in the efflu-
ents. Effluent samples were collected in planchets and counted in a 
scintillation detector. Column distributions were determined by scanning 
the columns or, in the more recent tests, by dissecting the column and 
counting successive segments. 
Flow direction was found to be immaterial in sand columns; however, in 
basalt columns some significant differences in retention were found be-
tween upward and downward flow. These have been ascribed to the effect of 
solubilization and partial plugging by fine secondary minerals. 
Hydraulic conductivity and effective bed volumes were determined by 
displacement measurements and by the use of EDTA-chelated Cr-51 tracers. 
Typically total bed volume was of the order of 38.6 cc. 
Two types of results were obtained from these measurements: 	The 
effluent count determinations yielded curves of the kind illustrated in 
Fig. 8. These show a "prompt peak" appearing at 1 void volume (VV), 
representing particulates traveling with the water at normal flow veloc-
ity. This is followed by a broader "delayed peak," containing particles 
that have been retarded but not retained in the column. The delay time and 
percentage of particles under that peak is of interest, as well as the 
total retention or removal of particles from the influent. 
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Fig. 8 Effluent Kaolin Activity from'Sand Column (40-50 mesh) in Deionized, 
Deoxygenated Water. 
Experimental Details  
Materials  
The bed materials used in the column tests were essentially those 
listed in Table 2. The sand used was obtained from the Pennsylvania Glass 
Sand Company of Columbia, South Carolina and had been employed in previous 
test work. It had been washed repeatedly to remove residual salt coatings 
and other impurities and was screened to produce a "standard", fine bed 
material, 30-40 mesh size and a coarse material, 14-18 mesh for larger 
columns. 
The basalt used was Sentinel Gap basalt as described in Table 2. This 
material was broken in a jaw crusher, screened, and washed. The 40-50 mesh 
(355-425 pm) fraction was used for column packing. Repeated washing re-
moved obvious foreign bodies from the basalt, but some magnetic particles 
remained. These impurities are relatively rare and many of them are 
apparently mineral. (Basalt contains appreciable magnetite.) Since redox 
conditions are not expected to be important in particle behavior, it was 
not thought worthwhile to attempt to remove the few metallic slivers at the 
cost of removing a substantial portion of the magnetite. Other bed mate-
rials were oolitic limestone and shale, as listed in Table 2. They were 
subjected to the same crushing and screening process to remove fines and 
adherent coatings. Surface areas were determined for these materials; 
these measurements are described in a subsequent section. 
Clay Suspension  
In July, 1977 a stable suspension of clay particles was prepared by 
the prolonged ball milling of Hydraglos kaolin obtained from the J. M. 
Huber mine and production facility at Wrens, Georgia. The size distribu-
tion of these particles was determined in October 1978 by the analysis of 
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photomicrograph (prepared by the Engineering Experiment Station at Georgia 
Tech) using an optical Zeiss counter (School of Chemical Engineering). 
This distribution was shown in Fig. 2. The mean particle size was found to 
be 0.125 pm. No explanation is apparent for the observed normal size 
distribution (when log-normal was expected), other than the relatively 
small number of particles (277) analyzed in its preparation. The suspen-
sion has appeared to be stable over the reporting period and no further 
size determinations have been made. 
Prior to use in the columns, kaolin was concentrated from 80-100 ml of 
the stored suspension by centrifugation until the supernatant was visually 
clear. The supernatant was discarded. The clay was resuspended in a H 202 
 solution buffered to pH 5 with acetic acid and potassium hydroxide. The 
suspension was then lightly boiled for 15-30 minutes to remove organic 
contaminants and to place the surfaces as much as possible in potassium 
form. Multiple rinses followed. Kaolin processed in this manner has been 
termed "treated kaolin". Irradiation for 1-2 hours at 10 13 neutrons/ 
cm/sec in the Georgia Tech Research Reactor results in the activation of 
the trace sodium in the clay structure to 15.0-hr Na-24. The strong gamma 
rays from this radionuclide are used to locate the position of kaolin 
particles in the columns and to measure their arrival in the effluent. 
Effluent samples were collected in planchets. The material was 
transferred to a scintillation counter for a determination of particulate 
activity emerging from the column. In a few cases the particulates were 
concentrated by centrifuging and inspected by optical and electron micros-
copy. Within the limitations of this approach, considering the small 
amount of particulate matter per sample, there appeared to be no signifi-
cant change in size distribution between influent and effluent material. 
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Columns  
Test columns consisted of polycarbonate tubing with flanges at the 
ends to define and support firmly the crushed rock filling. Polycarbonate 
was found to be superior to acrylic tubing used initially. A typical 
column is shown in Fig. 9. 
The actual bed was contained in the 0.5 inch (1.3 cm) diameter x 24 
inch (61pcm) cylindrical volume defined by the tubing, flanges, and the 
fine-mesh polyethylene screen cemented to the end caps. Thus, for the 
largest (425 pm) particles, the ratio of column to particle diameter was 
about 30:1. It has been found experimentally that this ratio is sufficient 
to ensure uniform flow of water through the bed cross-section, within 
10%. This was confirmed by the results of our void volume determinations 
made by two methods: the volume of water required to fill the bed (which 
clearly included all the bed voids), and the volume of water required to 
carry a non-interacting tracer through the bed agreed within ±2%, implying 
the absence of channeling at the walls. The sharpness of the tracer peak 
observed provided reassurance that no portion of the flow in the bed was 
significantly slower, either. 
A vertical tube with a gas sparger was included between the water 
reservoir and the column. Nitrogen flows through the sparger during 
experiments when oxygen is to be excluded. If required, carbon dioxide or 
other gases may be introduCed in this manner. During operation a constant 
head was maintained on the column by adjusting the flow from the main 
reservoir to match the rate of flow from the vertical tube. In-line flow 
meters were used to measure flow rates which could reach 10 or 15 ml/min 
when all valves were opened, although typical flow rates were around 
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1 ml/min. Details of the set-up for experiments involving flow through 
columns are shown in Fig. 10. 
In early experiments, flow was induced by the force of gravity from an 
elevated carboy (about 2 m head). Later-a multichannel tubing pump was 
used in the majority of test runs. Pulsation in the flow was damped out by 
the use of flow restrictions. 
A support system was constructed to provide a fixed and reproducible 
geometry between the column and a small collimated sodium iodide crystal 
detector. The detector was attached to a sliding shelf that fit into 
grooves in the frame as shown on the left in Fig. 11. With a column in 
position, it was possible to scan the column at intervals as small as 6 mm 
to determine the pattern of radioactivity deposited (or at least present) 
in the column. A lead collimator for the detector was made, which employed 
a 3/32" slit and fit half way around the column. This was adequate for 
most radioactive tracers employed, except for Na-24 whose high-energy 
gamma ray resulted in excessive loss of spatial resolution. 
Mobilizing Solutions  
Initial work was performed with distilled, deionized water as the 
mobilizing solution. Its fairly high purity made routine determinations 
difficult, but its resistivity was approximately 2 megohm-cm, and its pH 
• about 4.5. Later work with slightly saline waters used this water and 
weighed amounts of NaCl. These slightly saline waters were much better 
balanced and had near neutral pH. 
To simulate repository conditions in rock, an extensive series of 
tests was conducted using rock-equilibrated solutions. These were pre-
pared by contacting distilled deionized water with crushed basalt, shale, 
57 
Figure 9. 	View of Adsorption Columns 
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Z.- rain water reservoir 
2. flowmeter 
3. valve 
4. ecoxygenatiort column 
5. nitrogen inlet tube 
6. stopcock 
7. scp tura 
8. colurzri of bed naterial 
9. collection point 
• 
Figure 10. Experimental Arrangement for Column Tests. 
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Figure ll, Support Frames for Collimated Detectors 
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or limestone, respectively, in sealed carboys over many weeks. Table 3 has 
listed already some of the characteristics of these solutions. 
Carbon Content of Rock-equilibrated Waters  
From an early stage of this project the question had been raised as to 
the effect of free CO
2 
 or carbonates on adsorption by particulates. A 
carbon analysis was therefore made of each of the rock-equilibrated waters 
used in this work. The combustion-type analysis differentiates between 
organic and inorganic carbon, but does not provide direct quantification 
of the different compounds that might be present. For purposes of compari-
son with values from the literature, the inorganic carbon was calculated as 
bicarbonate. The complete listing is given in Table 21 where it may be 
seen that most of the values found fall within the range of values reported 
in the literature. The figure for sand-equilibrated water is somewhat low, 
but this is probably due to the inherently low carbonate content of the 
sand (zero or nearly so) and the non-exposure of the sand-water equilibra-
tion mix to the atmosphere. 
It therefore appears that the HCO
3 
concentrations are so high that 
additional trace CO
2 
would be of little consequence. One may assume that 
any CO2-related effects will be included in the adsorption coefficients 
measured for equilibrated waters. 
Procedures  
Physical Characterization of Columns  
To understand the phenomena observed, it was important to have a 
measure of the basic physical and hydraulic characteristics of each bed. 
Void volume and hydraulic conductivity were measured, from which porosity, 
effective pore size, and pore flow velocity could be calculated. 
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TABLE 21. Carbon Content of Equilibrated Water 
Mineral 
	





(mg/1) 	 Values 
Organic Inorganic High Low Avg* 
Basalt 344 50.0 254 242 84 176 5 
Limestone 11.2 40.5 206 460 74 228 14 
Sand 
(Quartzite) 3.9 0.5 2.5 346 8 119 5 
Shale 68.0 29.5 150 642 0 356 14 
Rounded to whole numbers 
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The total volume of the column could be easily calculated, but it was 
also necessary to measure the void space or porosity of the packed bed. 
Two methods were used to make this determination and they agreed very 
closely. The direct method consisted of weighing the column and the 
filling material, and then weighing the filled, water saturated column. 
The difference in weight was due to the water added. It was believed that 
this procedure would give a maximum value, as it would take into account 
all water in the column, including any stagnant volumes that might not be 
involved in any method involing flow. 
The routine method of void volume measurement employed injection of a 
presumed non-interacting tracer (Cr-51-tagged chromic acid) and the deter-
mination of its 1-ray count rate in successive effluent samples. Curve 
fitting and interpolation of the discrete data points allows the computa-
tion of volume at the point where the specific activity peaks, correspond-
ing to the void volume. Later, EDTA-complexed Cr-51 was used to ensure the 
unimpeded passage of the tracer. The tracer recovery of El- ,98% and peak 
sharpness (full-width at 0.1 of maximum 	void volumes) were so satis- 
factory that this procedure was the one adopted. 	(Earlier tests with 
uncomplexed Cr resulted in less-satisfactory recoveries.) Porosity was 
then calculated from the known volume of the bed envelope (77.2 cc), and 
for basalt was usually of the order of 50%. (The divergence of this from 
the porosity (36%) of a hexagonal close-packed structure which would be 
anticipated if the bed grains were spherical, was explained by the fact 
that the basalt grains were in fact more irregular slivers.) Pore flow 
velocity was.about 1.6 cm/min. 
The values obtained from chromium tests were in excellent agreement 
with parallel determinations by the filling and weighing method, leading 
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to the conclusion that little, if any, of the liquid in the column was not 
accessible to the general flow. Since the tracer method was much more 
convenient and could be repeated during the use of the column, it was made 
the routine method. A typical chromium tracer void volume determination 
(from which a void volume for basalt of 39.56 ml was deduced) is shown in 
Fig. 12. About 99% of the injected tracer was recovered. 
Hydraulic conductivity was determined by the treatment of the entire 
column as a falling-head permeameter. The conductivities so measured 
generally fell between 0.07 and 0.095 cm/sec, and average about 0.085 
cm/sec. From the Carman-Kozeny equation one can then calculate the mean 
hydraulic radius of pores in the bed as approximately 14.6 m. The diame-
ter of such a theoretical pore would be 4 x this value, or about 58 m. 
Thus, the average pore was about 250 times the size of the 99th percentile 
kaolin particle. 
Table 22 presents the operating conditions for various runs in sand 
columns for both the standard, small column and a larger one using coarser 
bed material. 
Table 22. Characteristics of Sand Columns for Saline Water Tests 
Standard 	 Large 
Columns Columns 
Particle Size (cm) 	 0.042— 0.0595 	0.100 — 0.141 
Weight of Rock (g) 118.4 	 1052.1 
L, Column Length (cm) 	 60.96 60.96 
D, Column Diameter (cm) 3 	 1.27 	 3.81 
VC, Volume of Column (cm ) 3 	 77.22 694.98 
VP-S, Static Pore Volume (cm 1 32.0 	 . 289 
VP-D, Dynamic Pore Volume (cm ) 	 28.40 198.40 
PR-S, Static Porosity 	 0.414 . 	0.416 
PR-D, Dynamic Porosity 0.368 	 0.285 
Q, Flow Rate (ml/min) 3 	 1.0 3.5 
BD, Bulk Density-(g/cm ) 3 	 1.5 	 1.5 
PD, Particle Density (g/cm ) 2.6 2.6 
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Figure 12, Typical Void Volume Determination - Basalt Column 
Tracer Test Procedure  
Following column characterization, the main tracer tests were done. 
Regardless of whether the tracer was ionic or particulate, the same proce-
dures were followed. All initial runs were made in 40-50 mesh mineral 
columns using activated kaolin as the tracer. Activated kaolin sol (1.629 
g of solution), which showed typically a count rate of around 30 cpm, was 
injected into the column and washed through with distilled, deionized 
water at a rate of 2-3 ml/minute. This rate of injection gives a Darcy 
velocity of 3.4-4.5 cm/min or an actual pore velocity of 8.5-11.4 cm/min. 
Effluent samples were collected in polyethylene containers or plan-
chets, which were weighed when full and after drying. Following drying on 
a steam heater the samples were counted using a 2-inch NaI(T1) detector and 
a single channel analyzer. With the weights of the standard and of the 
injected tracer known, the sample count rates could be normalized to pro-
vide information about the fraction of the tracer in each sample and about 
the fraction of the tracer per unit volume in each sample. In all cases 
this was recorded with the void volume of the particular column as the unit 
to allow comparison of results between columns whose void volumes are 
different. Typical results are presented in Fig. 13, which shows the 
relation of recovered tracer to flow through the column. A total of 5 
column volumes of water was collected in that case and this was found to 
contain 14.96% of the total injected tracer for that particular run. At 
this point the effluent contained about 0.5% of the total activity in each 
portion, but the quantity was decreasing. 
The column was then clamped off and placed in the holder for scanning 
of activity. The distribution curve obtained was similar to that from an 










Ea . ;Tr 
ra 
. 0 	 1 	. 	2 
... 	• 
'Void Volumes 
. 	' •• 
Figure 13• •Tracer Recovery - 13aShit 'Column, •Activated Kaolin 
Suspension, Distilled Ddionited water' 	. 
led to further tests of collimator resolution. A thin Co-60 source was 
used in a variety of positions around the collimator and it was concluded 
that collimation was quite adequate for all low-energy tracers. However, 
sufficient collimator penetration occurred with the 2.75 MeV photons from 
Na-24 to affect the distribution curve in that case. For that reason, in 
all later tests the column was dissected by removing it inch by inch and 
counting each section separately. 
Dynamic Column Tests  
In most dynamic tests a small dose of activated kaolin particles was 
injected just above the mineral column into a steadily flowing stream of 
deionized or equilibrated water. Two types of observations were carried 
out: a) a plot of the activity appearing in the effluent as a function of 
flow volume passing through the column, and b) a plot of the activity 
remaining on the column, after most of the mobile activity has passed 
through the column, obtained by removing and counting successive fractions 
of the bed itself. The first type of test has resulted in graphs like Fig. 
8, showing a prompt effluent peak, containing most of the activity, re-
sulting from particles moving at flow velocity, and a broader delayed peak 
representing a retarded component due presumably to an adsorption-desorp-
tion process which is under study at the present moment. 
The second procedure has led to a series of distribution plots, of 
which Fig. 14 is representative, that clearly show two different slopes 
which have been interpreted as being due to filtration, near the top of the 
column and to adsorption, due to van der Waals and double-layer effects, 
through the rest of the column. From these slopes, values for the filter 
coefficient and the sorption coefficient have been derived for a variety of 
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Fig. 14 Kaolin Retention in Limestone and Basalt Columns 
















some uncertainty owing to the rather large errors in surface area deter-
minations so far, and some experimental fluctuations in some of the runs. 
By the use of the columns with different pore sizes, but the same bed 
material, the effect of filtration has been isolated from the sorption 
effect which is considered the principal controlling factor limiting clay 
particle migration in the submicron range. 
The particle concentration is then subject to equation of the form 
C = C
o exp [- ix - X ] 
where u = sorption coefficient 
X = filter coefficient 
and 1/p represents the distance x over which the concentration decreases by 
l/e (= 1 neper) for each process. In practice, it is probably of greater 
interest to know the loss per unit surface area (in m2 ) presented to the 
contaminated stream and the equation can be rewritten in the form 
C = C
o exp [- 	- X'S ] 
where S is the surface area per unit path length assuming linear, laminar 
flow and p' and X' are in (m 2 ). 
The removal coefficients would depend on particle size and p, but not 
X, and would depend on ionic concentration, pH, and perhaps on particle 
concentration. At low velocities neither would be expected to be greatly 
affected by flow rate or oxygen concentrations. A comparison was made, by 
electron microscopy, of kaolin particle sizes in the influent and effluent 
streams. No evident difference was detected visually in size distribu-
tion, though that may in part be subject to methods of preparation for 
electron microscopy. 
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Extensive tests were carried out to determine removal effects under 
various water conditions and this work continues. These tests are sum-
marized below. 
Filter coefficient  
It is basically assumed that in ruptured rock filtration is less 
likely to limit waste migration on particulates, once they have traveled 
any distance, than surface interaction. Since some filtration was ob-
served in several column experiments, the filter coefficient A for our 
kaolin suspension was determined for the particular test conditions. 
In some column experiments the entire contents of the column were 
removed and divided into small segments. The quantity of suspension trap-
ped in each increment was then determined by counting. The data obtained 




where C o is the concentration of tracer in the first level, C is concen-
tration at depth L, and A is the filter coefficient. The coefficients 
calculated between the first and second inches for some runs involving sand 
were as follows: 
Filter Coefficients in Sand Columns 






) 	A (cm 1) 
12-16 	2.0" 	D. I. Water 	 1.83 	4.65 
28-35 0.5" Sand-equilibrated water 	1.21 3.07 
28-35 	0.5" 	D. I. Water 	 1.05 	2.67 
Due to the manner in which the column contents were removed, the various 
increments did not coincide with exact one-inch levels within the columns, 
and extrapolations were necessary to estimate the exact activity in each 
level. This introduces a small factor of uncertainty but does not explain 
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the considerable difference in values obtained in the 28-35 mesh sand. It 
would seem that the difference in effect between distilled, deionized 
water and sand-equilibrated water should not be as great as indicated by 
these results and additional investigations are intended to explain this 
matter. 
Sorption coefficients  
Because of the greater consistency in operation, sand columns have 
been used as reference systems. Sand does not exhibit the type of surface 
decrepitation that has been encountered in basalt and limestone beds. 
Tests have been conducted using deionized-distilled water, deoxy-
genated water and "sand-equilibrated" water. The results are tabulated in 
Table 23 and presented graphically in Fig. 15. Several comments should be 
made in regard to these results: 
1. Sand-equilibrated and deionized water have similar "removal" 
characteristics and only differ in the rates at which one would 
expect adsorption to occur (whether temporary or permanent) if 
all other conditions are similar. 
2. Sand-equilibrated water showed the expected result of no "obvi-
ous" adsorption due to the saturation of ionic surfaces by the 
sand particulates in the water. In other words, those particu-
lates of activated kaolin escaping removal by means other than 
adsorption will travel at the speed of the flowing water. (While 
deionized water does show a higher adsorption uptake, it is 
unlikely that this situation ever exists in the "real world". 
Nevertheless, it does support the saturation of surfaces hypo-
thesis in the case involving sand-equilibrated water.) 
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Table 4-1. Results or column experiments using sand as the bed material 












*Pore Volume (m1) 28.10 34.275 3.277 
Porosity (Cr51 spike) 0.368 0.444 0.425 
Bass of bed material (g) 120.50 119.82 120.43 
Nesh Range 30-40 40-50 30-40 
Approx. surface area (m /g) 7 10 
#Total fraction of activity 
retained in column 0.362 0.182 0.258 
Y
o' 
fraction adsorbed 0.74 0.899 0.74 
Xo' 
filtered fraction 0.19 6.13 x 10-2 0.203 










1 - (Y 	+ X ), Estimated 
0 0 
coefficient error for this 
set of data  
7% 4% 6% 
EFFLUENT DATA 
BT:P (ml) 36.92 31.40 - 32.77 
BT:50 (ml) 65.034 44.56 36.93 
Total Effluent Volume (ml) 318.96 413.89 357.60 
**Number of peaks 1 2 1 
#Fraction of activity in 
Effluent 
0.638 0.818 0.742 
Estimated error in experiment 
in accounting for injected 
activity 
5.6% 4% <1% 
Note: All columns used above have Length = 60.96cm, Width = 1.27cm and 
Volume = 77.222cm 3 . 
*The dynamic pore volume in our experiments is equal to the static pore volume. 
#This applies in this case since greater than 50% was recovered. 
@A general "dKift" of activity was noted but there were a large number of 
consecutive Y values. 
**This indicates whether there is evidence of a delayed movement of the ins;_tially 
retained activity. 
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3. For a reason not clearly understood, the presence of oxygen 
appears to affect the "removal" coefficient and lessen adsorp-
tion. Even though a larger-mesh-sized bed material was used, 
smaller removal and adsorption coefficients were obtained. 
(More investigations are needed before the above statement can 
be confirmed.) This would imply that any increased air content 
of water may be an important factor in particulate migration. 
4. A double peak in the effluent was observed in the case of the 
deoxygenated water (Fig. 8). 	This implies that there was a 
definite retarded component, due to a significant adsorption 
effect in the absence of oxygen. One void volume corresponded to 
34.27 ml in that case. 
To distinguish more clearly between particle removal by filtration 
and by adsorption a test was conducted with a coarser mineral, using 14-18 
mesh sand in a larger-diameter tube. As Fig. 16 shows, this essentially 
eliminates the filtration effect, as expected, while the adsorption co-
efficient is changed only a little, presumably because of slightly altered 
hydraulic conditions. Table 24 contrasts the results for the two bed grain 
sizes. 
Similar tests were conducted with basalt and limestone beds in order 
to obtain values for the adsorption coefficients. These tests employed 
deionized water and the same procedure was used as for the sand bed. The 
results are presented in Table 25 and graphically in Fig. 17. Bed grain 
size was 40-50 mesh. 
As before, when - working with basalt and limestone, the friability of 
the limestone and the exudation of secondary minerals from basalt intro-
duced difficulties. This test still involved the oolitic limestone 
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Fig. 16 Comparison of Kaolin Removal with Large and Small-mesh Sand Column. Deionized -
Deoxygenated Water 
Table 24.  Comparison of large and standard column tests: Sand and 
Deoxygenated Water. 
COLUMN DATA 




*Pore volume (ml) 210.0 34.25 
51  
Porosity (Cr 	spike) 0.274 0.44 
Mass of bed material (g) 1047.0 119.8 
Mesh range 14-18 40-50 
Approximate surface area (m
2
/g) 3 10 
LTotal fraction of activity 
retained in column 0.162 0.182 
Yo
, adsorbed fraction 0.97 0.90 
X, filtered fraction 
0 
None 0.06 
x', filter . coeff. (m-2 ) 0 8.55 x 10
-3 






), Estimate coeff. error 
for this set of data 
3% 4% 
EFFLUENT DATA 
Flow rate (ml/hr) 60 60 
*BT:P (ml) 273.28 31.4 
BT:50 (ml) 314.753 44.56 
Total effluent volume (ml) 2300.0 414.0 
Number of peaks 1 2 
IFraction of activity in effluent 0.838 0.818 
accounting for injected activity 	<1% 	 4%  
Estimated error in experiment in 
//Normalized values. 
*Note: The BT:P positions in the large and small columns both appear 
after the passing of 1.3 pore volumes of water in the case for distilled-
deionized water. 
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*pore volume (ml) 33.2 35.702 36.886 
Porosity (Cr51 spike) 0.4299 0.4623 0.4777 
Mass of bed material (g) 116.54 127.914 118.34 
Mash range 40-50 40-50 40-50 
Approximate surface area (m2/g) =10 =8.2 =8.2 
1Total fraction of activity 
retained in column 0.973 0.958 0.537 
Y
o
, adsorbed fraction 0.607 0.083 0.50 
X
o
, filtered fraction 0.393* 0.927 0.34 
, filter coeff. (m-2 ) 6.3x10-2 3.45x10-2 1.6x102 
11". „ adsorption coeff. (m7 2 ) 2.6x10-4 7.9 x10-4 8.2x10 5 
1-(Y +X ), Estimate coeff. error 
0 	0 
for this set of data 
t 4. 1% 16.1% 
EFFLUENT DATA 
Flow rate (ml/hr) 60 60 60 
*BT:P (ml) 33.444 
BT:50 (ml) f f f 
Total effluent volume (m1) 824.7 164.9 461.2 
Number of peaks 1 1 1 
#Fraction of activity in effluent 0.027 0.042 0.46 
Estimated error in experiment in 
accounting for injected activity 11% 6% 5.4% 
Note: All columns used above have Length = 60.96 cm, Width = 1.27 cm and 
Volume = 77.222 cm 3 . 
*(All other conditions listed in Table 2 also apply here.) 
tDifficult to determine correctly due to the initial friability of the 
limestone at the water-limestone interfact. 
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Fig.17; Kaolin Particle Removal from Deionized Water in Basalt and Limestone Columns. 
Ow. 
• 
employed in the early work, though later experiments were conducted on a 
sample of Georgia marble. As a result the surface area determination of 
the limestone has been difficult and is probably only an order-of-magni-
tude value. It is assumed that the breakup of the limestone surface 
increased the effective surface area somewhat in the course of the experi-
ment, resulting in some change in conditions. 
Similar changes may have affected the basalt data. By comparing a 
freshly crushed basalt material with aged material one obtains some idea of 
the degree of surface modification that occurs on weathering. As Fig. 17 
shows, the adsorption coefficient p was small in both cases, but appre-
ciably higher for the fresh basalt. The higher filtration effect for "new" 
basalt is ascribed to some clogging of the pores by the secondary material. 
For waste repositories with a slow flow of water one may assume that the 
"aged" conditions would prevail. 
Direction of Flow  
Subsurface water can flow in any direction, depending on the geometry 
and the hydraulic conditions that exist. It is possible that the progress 
of suspended particles through a porous medium could be affected by the 
direction of flow. Gravity, for instance, would be working in the same 
direction as downward flowing water, but would be approving the flow of 
water and its entrained particles in the upward direction. 
Two tests were carried out using two columns of sand. The column and 
conditions were essentially the same except flow was upward through one 
column and downward through the other. Distilled, deionized water was used 
as the liquid. 
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Test No. 1: 	 Column 1, upward flow, pH 5.54 
Column 2, downward flow, pH 5.87 
Water temperature 19.5 °C 
Test No. 2: 	 Column 1, downward flow, pH 5.64 
Column 2, upward flow, pH 5.97 
Water temperature 20 °C 
The results of the two tests are shown in Figs. 18 and 19. In both 
tests, tracer recovery was slightly faster for Column 1 that Column 2, 
reflecting slight differences in permeability. However, total recovery of 
kaolin suspension was the same for both columns and it is concluded that 
there was no effect from flow direction. Similar tests were done on basalt 
columns. In that case, some differences were found for different direc-
tions, but these differences were satisfactorily accounted for by pore 
clogging produced by the emergence of secondary mineral particles from the 
basalt surfaces. 
AGGLOMERATION EFFECTS 
It is well known that suspended clay particles can be coagulated by 
the addition of dissolved salts in sufficiently high concentration. It is 
therefore possible that mobile particles in a porous medium could become 
immobilized through agglomeration by contact with saline water. *The con-
centration of salt at which agglomeration occurs is known as the Critical 
Coagulation Concentration (CCC) and is different for different salts and 
for particles of different composition. Experiments have, therefore, been 
carried out to determine the CCC of sodium chloride for kaolin, vermicu-
lite, and basalt particles which are used as representative mobile solids 
in this study. 
* Actually two effects could be operative: the obvious particle to parti- 
cle attraction and also the attractive forces between the suspended particle 
and the bed material. 
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Fig. 18. Cumulative Recovery of Kaolin in Sand Columns in Different Flow Direction 
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Effect of NaC1 Concentration  
By definition, particles remain in suspension at salt concentrations 
below the critical value, and coagulate and settle out rapidly at 
concentrations above the critical point. The tests, therefore, consisted 
of adding increasing amounts of sodium chloride to test tubes containing 
suspensions of the solids. After mixing, the tubes were allowed to stand 
overnight and were then visually inspected. Results of the kaolin and 
vermiculite tubes were easily determined, but because of the small 
variations occurring in the basalt tubes, their contents were examined 
spectrophotometrically. For a more quantitative evaluation of the kaolin 
results, they were also examined spectrophotometrically at three different 
wavelengths (350, 450, 550 run). The results are displayed in Fig. 20. 
As is clear from an examination of Fig. 20, under these circumstances 
the CCC is not a sharp point, but consists of a range of sodium chloride 
concentrations over which there is a rather rapid change in the population 
of suspended particles. It was concluded that the CCC ranges for each 
material are as follows: 
Kaolin 	 15-20 millimoles NaC1/1 of suspension 
Vermiculite 	 30-40 
Basalt 	 30-50 
Effects of Calcium Chloride  
Since the role of dissolved ions is believed to be crucial in deter-
mining interaction effects, both by affecting the coagulation of suspended 
particles and by modifying the surface interaction between suspended par-
ticles and rock surfaces, a series of tests were conducted, in duplicate, 
on CaC1
2 solutions over a range of concentrations that straddled the criti-
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Figure 20. Turbidity of Kaolin Suspension as a Function 
of Wavelength of Light 
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Fig. 22. Elution of Kaolin in 75 mg/1 CaC12 2H2
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Fig. 26. Cumulative Recovery of Kaolin in 500 mg/1 CaC1 2 .2H20 Solution (Deoxygenated) 
for CaC1 2 
concentrations of 75, 500, and 5000 mel. In each case there was 
a substantial surge, containing most of the injected material, that passed 
with the water flow. A smaller fraction of the particles was retarded with 
a retardation coefficient that increased with CaC1
2 
concentration. The 
fluctuations in the later portions of Figs. 22-24 probably arise from 
counting statistics. As Figs. 25 and 26 show, total recovery of kaolin 
particles diminishes at higher CaC1
2 strength, presumably because of co-
agulation of kaolin particles at higher CaC1 2 values. 
Effect of pH on Agglomeration  
The effect of pH on the possible coagulation of kaolin was investi-
gated in a shale bed. Buffer solutions in the range of pH 4.0 to pH 10 in 
increments of 2.5 units were prepared. Equal amounts of kaolin were added, 
the containers mixed, and allowed to stand. Observations after 24 and 48 
hours revealed no difference in the appearance of the suspensions. It was, 
therefore, concluded that pH alone is not a significant factor in the 
coagulation of small kaolin particles in this range of pH values. A 
similar test, involving shale, was conducted to look for variations in 
adsorption with agglomeration at different pH levels. 
The procedure was as follows: 
1. To 150 ml of distilled, deionized water was added 9.4 pCi of Cs- 
137. 
2. The carefully and thoroughly mixed solution was divided into 10 
aliquots, and allowed to stand two days for equilibration with 
the walls of the glass flasks. 
3. Initial samples were withdrawn for counting. 
4. One gram of clean 25-40 mesh shale was added to•each flask, and 
mixed by swirling thoroughly. 
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TABLE 26. Adsorption of Cs-137 by Shale at pH 5.2 and pH 5.6 
Time Elapsed Since 
Addition of Shale 
(pH 5.2) 
Fraction of Activity 
in Solution 
Fraction of Activity 
on Rock (Assumed) 
Kd 
(m1/g) 
1.0 hours 0.67 0.33 7.5 
2.5 hours 0.70 0.30 6.4 
4.0 hours 0.35 0.65 28 
7.5 hours 0.25 0.75 45 
28.0 hours 0.16 0.84 77 
48.25 hours 0.14 0.86 91 
100.0 hours 0.06 0.94 233 
168 hours 0.03 0.97 443 
(pH 5.6) 
1 min. 0.94 0.06 2.6 
3 min. 0.96 0.04 1.7 
5 min. 0.83 0.17 8.0 
15 min. 0.64 0.36 23 
30 min. 0.66 0.34 21 
60 min. 0.61 0.39 26 
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5. Samples were withdrawn at selected intervals. 
6. All samples were counted. 
The results of this experiment are shown in Table 26 together with the 
calculated values for the distribution coefficient. Since about one-third 
of the activity was adsorbed by the shale during the first hour, a second 
experiment was performed to examine more closely the events of the first 
hour. The same procedure was followed as before, except plastic containers 
were used instead of glass flasks. The results of the second experiment 
are also tabulated in Table 26 together with the data of the longer-term 
experiment. 
Effect of Salinity  
The presence of dissolved Na+ and Ca++ ions has a crucial effect on 
the attachment of kaolin particles to rock surfaces. Column distribution 
tests were conducted to obtain details on retardation and retention. To 
separate out any filtration effects, some of the tests were done concur-
rently using the small (standard) columns, 30-40 mesh particles, and the 
large columns, 14-18 mesh bed particles. In all cases the columns were 
pre-equilibrated with the NaC1 solution for several days, before the acti-
vated kaolin sample was injected. 
Tests were conducted at NaC1 concentrations of 500, 750, 1000, and 
1200 mg/1 (0.008M, 0.013M, 0.017M, and 0.02M respectively); the latter 
well above the critical coagulation concentration for kaolin. The operat-
ing conditions for the various runs, either in the smaller columns or in 
the large one have already been presented in Table 22. The kaolin activ-
ities in the effluents are shown in Figs. 27-30. It is seen that little 
difference arises in the emerging activity between the small, and the large 
columns for the lower NaC1 concentrations. About 10% of the material 
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Fig.29. Elution of Kaolin in 1000 mg/1 NaC1 Solution. 
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traveled through the columns with the first wave. However, at 1000 mg/l, 
and even more at 1200 mg/1, the recovered portion decreased dramatically 
and a small, but definite, delayed peak occurred for the larger column 
indicating a finite, if temporary, enhanced attachment to the bed mate-
rial. 
To complement the column tests with saline water, an elution test was 
conducted with deionized water using the same large and small columns. The 
results are shown in Fig. 31. There is little difference between the two, 
though the small column appears to retain the final fraction of little 
longer, possible because of hydraulic differences. There is also a suspi-
cion of a delay peak at 5 void volumes in the large column although this 
may have low statistical significance. 
Analysis of the column deposition for different water conditions 
yielded comparative distribution plots from which the adsorption coeffi-
cient could be derived. Tests were conducted with sand-equilibrated water 
of conductivity 7.5 11Q/cm, deionized water, and NaCl solutions, 750 and 
1200 mg/1 respectively. Figures 32 and 33 show the results of these tests. 
From the slopes the adsorption coefficients were derived as follows: 
)t 1 = 3.7 x 10
-3 








-5 m-2 respectively. 
No explanation can be offered here for the erratic scatter of these re-
sults, which was much worse than in other comparable tests, nor for the 
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Fig.33. Retention Distribution of Kaolin on Sand 
Columns from 1000 mgfl NaC1 Solution 
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Effects of Bed Materials 
Sand Columns  
Several tests were conducted in which sand-equilibrated water was 
passed through a column of sand. Figure 34 is typical of the results 
observed. The decline of activity in the effluent was smooth and steady 
until the level fell to near background, at which point the background 
fluctuations became noticeable. In none of these experiments was there any 
evidence of a second peak. The slope of the line in Fig. 34 yields a half-
value range of 0.89 m
2 
for the desorption effect. This would be more 
meaningful if expressed in bed volumes of water passed. The scatter at low 
levels of residual activity is due to poor counting statistics. 
A haunting question regarding all the tests, done with an injected 
pulse of kaolin suspension that resulted in a "delayed" peak, is whether 
this effect arises from the fact that this suspension enters virgin terri-
tory in the column and that the particles may be bound more strongly or 
with a higher probability, than if they were merely an otherwise indis-
tinguishable batch traveling in a kaolin-bearing flow. To test this pos-
sibility some experiments have been conducted in which a kaolin-bearing 
stream was passed through the column continually for an appreciable time 
before the activated sample was injected. This was done by use of kaolin 
water in 30-40 mesh sand columns. 
The "kaolin water" was prepared by adding about 100 grams of kaolin to 
five liters of water and allowing it to stand for two days. The upper 
three quarters were then decanted and additional water added. The result-
ing suspension contained 3.37 gm/1 of kaolin. This high concentration of 
kaolin in water was not completely stable, but the rate of solids 
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Fig. 34. Effluent Activity from Sand Column in Sand Equilibrated Water 
accumulation on the bottom of the container was very low and uniformity was 
easily maintained by occasionally swirling the container. 
Steady flow of kaolin water through a sand column was begun and 
activated kaolin particles were injected. A single peak of activity was 
observed in the effluent and the total recovery of activity indicated very 
little, if any, retention of the activated kaolin in the column. Under 
these circumstances both the filtration and adsorption coefficients as 
indicated by behavior of the tracer were essentially zero. 
A longer column was prepared by bolting together two of the regularly 
used columns which are 24 inches in length. Kaolin tracer and kaolin water 
were used, but again only a single peak emerged. High activity recovery 
was indicative of little retention in the column and the net result from 
the 48 inch column was not different from that of the 24 inch column. 
The absence of a second peak in these experiments is evidence that 
points of physical entrapment and sorptive sites on the sand surfaces were 
preempted by some of the large number of inactive particles to which the 
surfaces had already been exposed. Any displacement of inactive kaolin by 
activated kaolin tracer was not of sufficient magnitude to be detected. 
With a filtration coefficient very low and no available mechanism to free 
existing or create new sites for entrapment, the activity passed through 
the column in a single slug. 
A similar effect was observed with kaolin water in a basalt column; 
anticipating somewhat, Fig. 35 shows results from such a test where the 
usual delayed peak, that for batch injection would occur around 5 void 
volumes, has moved up to follow closely on the prompt peak. These results 
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Shale Columns  
A series of experiments were carried out in which kaolin particles 
were injected into columns of shale. The transporting liquids employed 
were distilled, deionized water, shale equilibrated water, and sodium 
chloride solutions. The experimental details are listed in Table 27. 
As Fig. 36 shows, with distilled deionized water, a sharp peak of 
activity appeared at about 1.1 void volume (VV). The second peak was not 
clearly defined due to the low activity and poor counting statistics during 
the latter stages of the test. From the distribution of activity in the 
column, it appears that the filtration mechanism, characterized by high 
deposition near the top of the column, was more prominent in this case than 
in others where the ionic strength of the liquid is greater. This is 
confirmed by Fig. 37, which shows the distribution of retained kaolin along 
the column. This plot, better than most, shows the distinctiveness of the 
two mechanisms. 
When shale-equilibrated water was utilized, the first peak occurred 
at 0.9 VV. The second peak began at about 3.6 VV and reached a maximum in 
the vicinity of 5.5 VV. Figure 38 is a plot of the effluent data observed. 
From Fig. 39 it appears that the filtration mechanism was not nearly as 
strong as with the distilled, deionized water in this case. 
For tests with saline waters, several concentrations of NaC1 were 
used with the result that the first peak appeared at about 0.9 VV in all 
cases. Strong second peaks also appeared in each case, although not in the 
same position. As may be seen in Fig. 40, the peak corresponding to 1000 
mg/1 commences, increases, and diminishes about one void volume earlier 
than the peaks where the liquid contained only 250 or 500 mg/1 of salt. 
Table 28 summarizes the results for kaolin migration in shale for saline 
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Table 27. Column Tests on Kaolin Retention in Shale. 
COLUMN DATA D.D.I. H2O 	EQUILIBRATED 
H2O 
Pore Volume (ml) 
	
39.883 	 32.1717 
Porosity (Cr 51 spike) 
	
39.883 	 0.417 
Mass of bed material (g) 
	
109.05 	 105.89 
Mesh Range 
	
30-40 	 30-40 
Approx. surface area (m2 /g) 10 10 
Total Fraction of activity 
retained in column 0.86 0.346 
Yo , fraction adsorbed 0.80 0.76 
Xo , filtered fraction 0.14 0.19 
A', 	filter coefficient (m
2








1 - (Y 	+ Xo), Estimated coef- 




BT:P (ml) 37.39 32.82 
BT:50 (ml) 189.40 
Total Effluent Volume (ml) 312 289.8 
Number of peaks 1 2 
Fraction of activity in effluent 0.14 0.654 
Estimated error in experiment in 
accounting for injected activity 10% 6% 
NOTE: All Columns used above have Length = 60.96 cm, Width = 1.27 cm 
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TABLE 28. Effect of Salinity on Kaolin Migration in Shale 




Pore Volume (ml) 39.43 39.23 38.38 
Porosity (Cr
51 
 spike) 0.511 0.508 0.497 
Mass of bed material (g) 113.39 118.5 114.1 
Mesh Range 30 - 40 30 - 40 30 - 40 
Approx. surface area (m2/g) 10 10 10 
Total fraction of activity 
retained in column 
fraction absorbed 
X, filtered fraction 
A' filter coeff. (n
2
) 











1.89 x 10-3 
	




3.47 x 10-4 
	
2.42 x 10 4 
	
2.57 x 10-4 
1 - (Y0 + X0), Estimated 
coefficient error for this 
set of data 4% 0.01 	0.09 
EFFLUENT DATA 
BT:P (ml) 	 33.91 	35.74 	33.73 
BT:50 (ml) 	 427.78 388.1 . 345.4 
Total Effluent Volume (ml) 	 438.21 	426.4 	369.6 
Number of peaks 	 2 2 2 
Fraction of activity in 
Effluent 	 0.507 	0.554 	0.526 
Estimated error in experiment 
in accounting for injected 
activity 	 6% 	 6% 	 6% 
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waters. The filter coefficients X' were significantly higher than the 
adsorption coefficient and a high portion of the sorbed fraction ulti-
mately appeared in the effluent. 
Limestone Column  
The friability of the oolitic limestone used in the early stages of 
this investigation presented some difficulties. It was never possible to 
make the material completely free of small particles, as could be readily 
done with sand. 	The problem was greatly lessened by 'substitution of 
crushed Georgia marble chips for the oolitic material. Table 29 gives the 
experimental data associated with a test of activated kaolin tracer in 
limestone-equilibrated water in a column of 30-40 mesh marble chips. 
Figure 41 is a plot of the resulting data which show a strong initial peak 
but little evidence of a second peak. The scatter of points due to the low 
level of activity present obscures any weakly defined, delayed peak that 
might be present. Figure 42 shows the retention distribution, confirming 
the very low adsorption effect in shale under these conditions. 
Basalt Columns  
Because of the special interest in basalt as a potential repository 
medium, particular attention was given to this material to help understand 
the interaction between basalt and clay suspensions under various condi-
tions. 
The study of basalt columns was complicated by the appearance of fine 
brown particles in basalt beds that had stood in contact with water for a 
few days or more. The formation of this secondary material is apparently 
due to recombination of dissolved components of the basalt rock itself. 
This process is termed diagenesis and probably also accounts for the 
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TABLE 29. Equilibrated Water Tests with Limestone 
(Kaolin tracer) 
Limestone Column 
COLUMN DATA 	 Limestone 
Pore Volume (ml) 	 39.45 
Porosity (Cr51 spike) 	 0.511 
Mass of bed material (g) 	 110.15 
Mesh Range 	 30 — 40 
Approx. surface area (m 2/g) 	 10 
Total fraction of activity 
retained in column 	 0.340 
Yo
, fraction adsorbed 0.60 
Xo
, filtered fraction 	 0.38 
A', filter coeff. (m 2) 3.82 x 10
-3 
5 p', adsorption coeff. (m
2
) 	7.12 x 10 
1 (Y + X ), Estimated 
.o 
coefficient
o  error for this 
set of data 	 0.02 
EFFLUENT DATA 
BT:P (ml) 	 39.84 
BT:50 (m1) 43.60 
Total Effluent Volume (m1) 	 386.57 
Number of peaks 	 1 
Fraction of activity in 
Effluent 	 0.66 
Estimated error in experiment 
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Figure. 42. Kaolin Particle Removal from Equilibrated Water in Limestone Column. 
streaks of brown stain that are typical of the surface of weathered basalt. 
A detailed study of this material was made and is included in the Appendix. 
In the laboratory the process proceeds at a slow, but significant, 
rate. At the flow rates employed in these experiments there was no turbu-
lence to dislodge the forming material which accumulated in the column. 
Although some may have escaped the column, none was ever observed in the 
effluent itself. It was easily remobilized by washing, however, when the 
basalt was removed from the column. Since the presence of an extraneous 
material in a mineral column might clearly have a considerable effect on 
the sorptive properties of the column, it was necessary to take this factor 
into consideration whenever basalt was involved. 
A number of tests were made in which columns were packed with basalt 
and other factors were varied. Representative plots are included here to 
illustrate the curves that are typical of the results obtained with basalt. 
Figure 43, for instance, resulted from an early run using kaolin particles 
labeled with Cs-137 and distilled, deionized water as the liquid phase. 
The effluent revealed a single strong, sharp peak with no significant 
evidence of a secondary peak. This rather characteristic curve has fre-
quently appeared in tests using distilled, deionized water in various rock 
beds. 
On scanning the distribution of the particles retained in the column 
one found the pattern shown in Fig. 44 where the general trend of activity 
was high at the top (inlet) end of the column and gradually diminished to a 
low level at the bottom. .To ascertain the stability of the deposited 
activity, water was allowed to flow through this bed in the reverse direc-
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Figure 43. Labeled Kaolin in Effluent - Basalt Column 
activity was changed very little by this flow as may be seen by comparison 
of Fig. 45 with Fig. 44. 
No difference was observed in the retention pattern in the columns 
whether the kaolin was labeled externally, by adsorption of Cs-137, or 
internally by activation of Na-24. This is shown by comparison of Fig. 46 
(activated kaolin) with Fig. 44 (Cs-137 labeled kaolin). 
A difference was noted in the curves describing the recovery of tracer 
in the column effluent if the kaolin was pretreated in a KC1 solution. 
With the sample kaolin tracer, the cumulative recovery was around 25% in 
slightly more than one void volume, but increased thereafter very slowly. 
See Fig. 47, which is the reverse of previously shown distribution curves. 
With the potassium-treated kaolin the recovery was much more gradual with 
only about 1% recovery at the 1 VV point as may be seen in Fig. 48. The 
total recovery was about the same in both cases. 
The tests discussed just above were conducted with distilled, deion-
ized water on the supposition that this constituted a very well character-
ized medium. Further examination of this supposition, however, led to the 
realization that because of the very low ionic strength of this water it 
would be very far from equilibrium with the basalt, resulting in continuous 
dissolution of some minerals in the basalt during the experiment and a 
steadily-changing dissolved ion concentration down the length of the 
column. Despite these constantly changing conditions, the deionized water 
tests definitely were the lowest ionic strength tests conducted. Although 
this rock dissolution presumably occurred at all salt concentrations, the 
added ionic strength was much more significant in deionized water than in 
salt solutions. These effects became more evident when freshly-prepared 
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Figure 48. Kaolin Throughput for K-Treated Particles - Basalt Column 
later. On the other hand, Table 25 has already presented some data on 
basalt-equilibrated water runs showing appreciably reduced retention. 
Effects of Salinity on Particulate Mobility in Basalt  
The critical coagulation concentration (CCC) for kaolin water was 
determined to be about 1000 mg NaC1/1. For this reason, tests were conduc-
ted with salinities both above and below that value. In each case the 
columns were pre-equilibrated by flowing 20-40 void volumes (VV) through 
them for several days before the test proper NaC1 concentrations used were: 
500 mg/1 (,--'0.008M), 750 mg/1 (0.013M), and 1250 mg/1 (0.21M). All runs 
were conducted in duplicates. 
The results are shown in Figs. 49-52 for basalt columns and show a 
very characteristic behavior. In each case, a sharp peak occurred in the 
effluent at 1 VV representing a small fraction of particles moving with the 
water flow. This was followed at 3-4 VV by the onset of a much broader, 
delayed "peak", representing the bulk of the emerging activity. As the 
cumulative recovery plot of Fig. 50 shows, about 85% of the injected 
activity finally passed through the column, albeit with a tangible delay. 
About 75% were retained in the column. Comparing the three elution plots 
and allowing for differences in scale, it is found that the nature of the 
delayed peak did not vary very much with salt concentration. This is in 
marked contrast to the sand columns where no delayed peak was observed and 
the total tracer recovery was much higher. This discrepancy makes it 
difficult to ascribe the retention and delay in basalt entirely to van der 
Waals forces, as proposed by Wahlig.
22 
After the first several tests, it became possible to run kaolin mobil-
ity experiments in a routine fashion. In addition to those just reported, 
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Figure 49. Elution of Kaolin in 500 mg/1 NaC1 Solution 
1 	1 	1 	4 	4 	I 	- 1 	1 	I 	1 	 1• 	4 
0 , 	 2 	4 	6 8 10 12 • 14 16 18 
100 






















10 	12 	14 16 
Void Volumes of Effluent 
Figure 50. Cumulative Recovery of Kaolin in 500 mg/1 NaC1 Solution 
(Average for Two Columns) 
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Figure 52. Elution of Kaolin in 1250 mg/1 NaC1 Solution 
(Average for Two Columns) 
three other concentrations of NaC1 were tried in the mobilizing solution. 
The results of all the NaC1 solutions used are shown in Table 30. 
There is a clear pattern to these results. First, as salt concen-
tration increased from about 50 mg/1, the fraction of injected tracer 
carried in the 1 VV peak decreased steadily; the 1 VV peak for distilled, 
deionized water was very small. Second, the relation between the delay or 
the area of the second peak and the salt concentration is not monotonic. 
Rather there is an optimal concentration at which the second peak is both 
most delayed and at which it contains the largest fraction of the injected 
activity remaining after the 1 VV peak. From these results, the optimal 
concentration for tracer recovery in, and delay of, the second peak is near 
0.01 M NaC1, resulting in a maximum delay of the second peak compared to 
the flowing solution of only a factor of 6. The delayed peak is not 
observed at all at low salt concentrations. 
The data in Table 30 are presented graphically in Figs. 53 and 54. It 
is evident that a major decrease in tracer recovery occurs as the CCC is 
approached. Because of the apparent difference in behavior with flow 
direction we were conscious of the possible inconsistencies introduced by 
the presence of loose secondary materials in basalt columns. For this 
reason, the difference in behavior of freshly packed and aged columns of 
basalt was studied in a series of experiments involving saline water. Two 
columns were used in parallel; one had been in contact with water for 
several weeks and the other was freshly packed and used for a few days. 
The contrast in their behaviors was striking. Figure 55 shows the elution 
profile from the old and new columns in one test at 200 mg/1 NaCl. Similar 
behavior was observed in another trial. In both trials for both columns, 
the 1-void volume peak contained 3-5% of the injected activity. For the 
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Table 30. Summary of Data on Kaolin Behavior in Basalt for NaC1 Mobilizing Solutions 
ADDED SALT CONCENTRA- 
TIONS IN SOLUTION FIRST PEAK SECOND PEAK.. 
(r11,1) (mg/1) 








% of Remaining 
Tracer Recovered 
0.0+ 0 1 N/D* 
0.086 5 60 N/D* 
0.86 50 65 N/D* 
3.4 200 16 . 2,5 4.9 10 25 
8.6 500 0.6 3.6 5,9 15 83 
• 
13.00 750 3 2,8 5,4 12 36 
21.00 1250 2.1 3,6 8 15 
+
The pH of the deionized water was ,-06, This means the cation concentration was at least 0.001 rM. 
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Figure 53, Effect of NaC1 Concentration on Kaolin Recovery - Basalt Column 
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Figure 55. Comparison of Old and New Basalt Columns (200 mg/1 NaC1) 
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to
+ Test Interrupted 
0 
new column, the secondary peak reached its maximum near 5 void volumes and 
contained 85% of the injected activity, in both trials. For the aged 
column, the secondary peak started much later, peaked near 20 void volumes, 
and had contained at least 60% of the injected activity when the test was 
ended. The old column clearly retarded the passage of the kaolin more 
strongly. 
To see whether this difference was due to the secondary particles, the 
basalt was removed from the aged column and washed until no more particles 
were visible in the wash water. It was then repacked, and the previous 
test repeated. Meanwhile, the new column was aged by the passage of /N/8 1 
of 200 mg/1 NaCl solution over a period of about 3 weeks. The results of 
one of the three subsequent tests are shown in Fig. 56; the others were 
similar. 
The washed old column and the aged new column showed greater similar-
ity in their behavior than they had previously. The locations of the 
secondary peaks had moved closer together: for the new column, the peak 
went from 5 to 7 void volumes and from 85% to 69% of injected activity; for 
the old column the peak went from 20 to 13 void volumes and from > 60% to 
62% of injected activity. It is clear that the presence or absence of 
particulate matter had a strong effect on the migration of the kaolin. The 
pattern of replicate tests has been that the positions of the peaks are 
relatively static, but their sizes may vary over a factor of 2.5-3. In 
each case the sizes of the peaks in the two columns were identical within a 
given test, but would not necessarily be the same as in previous or subse-
quent tests. 
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Figure 56. Comparison of Washed Old and Treated New Basalt Columns (200 mg/1 NaC1). 
Effect of Liquid Velocity on Particle Behavior  
Tests on the possible effect off low velocity on particle mobility 
were undertaken primarily because the calculated pore velocity (' -'8.3 
km/yr) at the normal experimental flow rate (1.0 ml/min) is clearly high 
compared with anticipated field conditions. 
To determine the effects of flow velocity, parallel column tests on 
kaolin particles in basalt were conducted at flow rates of 0.35 ml/min, 1.0 
ml/min (the customary experimental flow rate), and 3.0 ml/min. The results 
are shown in Table 31. 
Considering both the Na + and the Ca+2 ion tests, no consistent effect 
due to a change in velocity can be deduced, except perhaps some increased 
penetration in the one void volume peak at higher than normal velocities. 
No consistent effect of the second peak delay or area was observed, and 
total tracer recovery did not vary beyond many of the results observed in 
other experiments. 
The van der Waals-double layer model for particle behavior implies 
that flow rate should have appreciable effect on particle migration only 
when it provides kinetic energy which is significant in comparison with the 
potential energies in the system. Very high pore velocities could even 
make it possible for passing particles not to adsorb on grains to which 
they got very close, although the introduction of turbulence would produce 
other effects such as particle impaction which might reduce overall mobil-
ity. The results of Table 31 show no consistent effect of flow velocity 
except on the 1 VV peak, although the data showed more scatter than was 
usual. This lack of effect is not surprising, in view of the information 
shown in Table 32. The kinetic energy of the particles at the velocities 
employed is from 3-9 orders of magnitude less than the thermal energy of 
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Table 31. Effect of Column Flow Rate on Kaolin Recovery - Basalt Bed 
Flow Rate 
 
First Peak 	 Second Peak 
     
Concentration 	Volumetric 
Cation 	(mM) 	 (ml/min) 
% of 
Remaining 
Est. Pore 	% of Tracer Begins 	Peaks 	Ends 	Tracer 	Total 




13.0 	 0.35 	0.0092 	 4.3 	1.8 	4.6 	10 	56 	57.9 
1-, 	 1.0 0.079 4.6 2.0 4.9 12 49 50.3 .N 
0 3.0 	0.026 	 11.1 	1.8 	4.6 	12 	37 	54.0 
Ca
+2 
0.51 	0.35 	0.0092 	 0.7 	N/D* 
1.0 0.079 . 1.3 6.5 	11.5 	>14 	.13 	14.1 
3.0 	0.026 	 5.2 	6.3 11.0 14 17 21.3 
*N/D - Not detected. Test mistakenly terminated too early. 
Table 32 . 
Comparison of Kinetic and Thermal Energies of Kaolin Particles 
Diameter 
(cm) 
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the particles. 	Only for the highest velocity and the larger particles 
would the kinetic energy have even a slight effect on particle behavior. 
In order for a major effect to be observed, velocities would have to be so 
high that flow would be turbulent and other mechanisms would be in effect. 
Since the kinetic energy is already insignificant at laboratory 
velocities, the difference of velocity is unlikely to be a cause for 
divergence between laboratory results and any actual field conditions. 
The only consistent effect observed was a slight increase in penetration in 
the 1 VV peak at higher-than-normal velocities, implying that the labora-
tory results are conservative in comparison with anticipated field condi-
tions. 
In summary, the very small effect of flow velocity on particle mobil-
ity is in accord with the van der Weals attraction, double-layer repulsion 
model of particle mobility. 22 
Effect of Cation Valence  
The Schulze-Hardy Rule predicts that the coagulation behavior of fine 
particles will be strongly affected by the valence of the ion in the 
suspending solution which has polarity opposite to that of the surface 
change of the particles. Since kaolin particles are negatively charged, 
this implies that cation concentration and valence will have the major 





showed the critical coagulation concentration 
(CCC) to be about 17 x 10
-3 
M for NaCl. For Ca
++
, the CCC was about 1 x 
10
-3 M . This comparison demonstrates the enhanced ability of multi- _ 
valent cations to overcome the electrostatic repulsion of bodies of like 
charge in water. If the behavior of the kaolin particles as they migrated 
through the basalt beds was governed by their adsorption on the rock 
surfaces, and if that process is mechanistically the same as the kaolin 
particles' coagulation with each other, it is expected that changing 
cation valence from 1 to 2 will enhance particle capture and decrease bed 
penetration, even at concentrations below the CCC. 
This hypothesis was tested by conducting activated particle column 
flow tests in which the mobilizing solution was dominated by Ca +2 and 
comparing them with earlier tests in which the solution was dominated by 
Na
+
. The results are compared in Table 33. 
Although the number of Ca
+2 
tests was small it is clear that at a 
given molar or normal concentration, a much smaller fraction of the par-
tidies penetrated the bed in a Ca +2 solution than in a Na + solution. As 
with Na+, Ca +2 tests show small recoveries in the 1 VV peak when ion 
concentration is high. A very large delay is observed when Ca +2  is present 
at about 0.5 of the CCC. At concentrations large compared to the CCC, no 
delayed peak was observed at all. 	The hypothesized effect of cation 
valence, predicted from colloid flocculation theory, was observed. 	In 
cases where the concentration of Ca +2  ion in groundwaters is very high, as 
in limestone water, it is likely that the mobility of suspended fine 
particles will be quite low. 
CONCLUSIONS 
The mobility of the kaolin particles as measured in this work may be 
compared with the mobilities of dissolved radionuclides as measured by 
other researchers through the retardation factor, R, which is the ratio of 
the velocity of the moving solution to that of the species under investiga-
tion. (Thus, R = 1 means the species moves with the mobilizing 
solution; R = 1 means that the species lags behind the mobilizing solu-




Table 33. Effect of Cation Valence on Kaolin Behavior in Basalt 
SOLUTION CONCENTRATION FIRST PEAK SECOND PEAK 
As Fraction % of Tracer Begins Peaks Ends % of Remaining 
Cation mM mN of CCC Recovered (VV) -1- (VV) (VV) Tracer Recovered 
Ca
+2 
0.51 1.0 0.49 1.2 8.0 11.0 >14 9 
3.4 6.8 3.3 2.4 N/D* 
Na
+1 
0.86 0.86 0.05 65.0 N/D 
3.4 3.4 0.20 4.0 2.5 4.9 10 23 
8.6 8.6 0.50 0.6 3.6 5.9 15 83 
21.0 21.0 1.25 1.0 2.1 3.6 8 15 
+ VV - Void Volumes 
* N/D -- Not Detected 
experiments by: 
R = 1 + P
dKd 	
(1) 
where p b is the bulk density of the rock column, and c is the column 
porosity. Table 34 shows retardation factors calculated by equation (1) 
from distribution coefficients measured 23-25 on solution-equilibrated 
basalt samples, using p
b 
(1.5 g/cm3 ) and average E (0.5) values from the 
current research; where Kd 's measured under several conditions were pub-
lished, the one chosen was the K
d 
measured on air weathered basalt after 
one day of sorption at room temperature. 
The values listed in Table 34 are not intended to be an exhaustive 
listing of distribution coefficients but are representative values. The 
retardation factors calculated indicate the relative immobility of the 
listed elements in dissolved form. These R's may be contrasted with those 
measured for suspended particles in the current work, where two groups of 
particles were observed. The particles in the 1 VV peak moved with the 
velocity of the solution (R. = 1), while those in the delayed peak moved 
more slowly (R = 3.6 - 11.0, based on the volume at which the highest point 
in the delayed peak occurred). It is seen that the highest R measured for 
particles is less than the lowest R in Table 34, implying that at least in 
the sense of relative velocities, the particles are much more mobile than 
are dissolved radionuclides under comparable conditions. 
A second aspect of the mobility of a species is the fraction of the 
initially-applied quantity of a species which penetrates a given thickness 
of porous medium. Here the behavior of the dissolved ions and of the 
suspended particles again diverge. To the extent that the interaction 
between a dissolved ion and the surrounding rock is an exchange 
145 
Table 34. Calculated Retardation Factors for Dissolved Radionuclides 
Element Reference Kd 
(mlig) 
Cs 24 330 980 
23 1500 4470 
Sr 23 500 1490 
Tc 25 29 87 
Np 23 50 150 
Pu 23 2000 5960 
Am 23 18000 53600 
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equilibrium, it can be said that all of the initially-applied ions will 
penetrate the medium, although they will take R times as long as the 
flowing water to do so. It is important to note that because the ion 
exchange is an equilibrium, the ions are not literally immobilized, but 
simply move at a lower (and perhaps greatly lower) velocity than the 
flowing water. If the ions are radioactive, R may be large enough that 
decay is essentially complete by the time the ions would pass through the 
rock; indeed, the choice of host rocks with high K d 's (and therefore R's) 
for most radionuclides under most forseeable conditions is the basis of all 
hopes for geological containment of high level wastes. 
According to the van der Waals-double layer model, however, suspended 
particles have two kinds of interaction with the pore walls: they exchange 
between the flowing solution and sites in the secondary potential well 
producing the delayed elution peak, but they also have some finite probab-
ility of experiencing irreversible trapping in the primary potential mini-
mum. Because this primary-minimum trapping is irreversible, all particles 
will eventually be immobilized if the migration path is long enough. 
The experiments have shown that the above theory is insufficient to 
explain by itself the variations observed being different bed media and the 
variable delay phenomenon occurring under specific conditions. 	Proper 
elucidation of these effects does require some further study. 	It is 
evident that the delayed retention reflects a non-equilibrium condition 
that may be suppressed in the presence of an equilibrium concentration of 
clay particles. Contrary to the pure van der Waals retention, that was so 
prominent in the basalt tests, the results showed minimal retention of 
suspensoids in sand and shale beds and correspondingly, a fairly long 
migration range. 
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The objective of this work has been to study particulate transport of 
radioactive waste components for deep geological repositories and to 
assess its potential importance as an alternative migration pathway. The 
work has shown that in some aquifers, such as porous sand or shale, sub-
micron clay particles will travel at water flow velocity and in most media 
will be partially subject to some retardation. This effect depends on the 
ionic strength of the water and the degree of conditioning of any exposed 
rock surfaces. In saline solutions some agglomeration occurs and there is 
a subtle balance between accelerated surface adsorption on the one hand and 
pre-emption of adsorption sites on the other. 
Most of the suspended particles will adsorb dissolved ions competi-
tively with surrounding rock surfaces. Weight for weight kaolin particles 
will adsorb most radionuclides preferentially. Ultimately, the relative 
importance of this pathway depends on the number density of suspended 
particles in the intruding water in the vicinity of the waste material. 
This in turn, may be highly site-dependent, though in most cases it will be 
a conservative assumption to presume the presence of such suspended media 
in any incursion scenario. Considerable further work is required to 
include other potential suspensoids, such as zeolites and bentonites, and 
to obtain retardation coefficients for site specific numerals. It would 
seem, at this time, that the possiblity of leached waste migration by 
transport on suspended particulates must be included in any technological 
assessment of any proposed waste repository site, and it is hoped that 
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APPENDIX 
Study of Basalt-generated Particles  
It was reported earlier that the experimental basalt columns devel-
oped an infestation of fine, brown particles over a long period of use. 
These particles were discovered when columns of several weeks' to months' 
age were back-washed with external agitation. They were never observed to 
migrate all the way through the bed nor to emerge visibly in the effluent 
of the column. 
Although the exact nature and origin of these particles have not been 
positively identified, they appear to result from diagenesis. They do not 
result from anything added to the bed during the course of the experiment. 
Two jars containing about 100 g of each of basalt were set aside. To one 
was added about 1 1 of distilled deionized water; to the other was added a 
similar volume of 200 mg/1 NaCl solution. In a matter of three weeks, each 
had developed enough extraneous particles to make the water opaque on 
stirring. (At the beginning of the test, both had been clear on stirring.) 
In a separate test, a column was packed about 2/3 full with 30-40 mesh 
basalt and had distilled deionized water circulated through it periodic-
ally, about 2 1 over the course of three weeks. At the end of this period, 
agitation of the column showed the distinct presence of the brown suspended 
matter. A typical SEM field is shown in Fig. 57. 
Scanning electron microscopy (SEM) and energy dispersive x-ray analy-
sis (EDS) performed by Pasat Research Associates, Inc. of Atlanta, Georgia 
revealed the presence of three types of particles in the suspended matter. 
Particles A and B were of similar size (-L, 15 u m), but particle B was 
clearly more rounded in shape. Particles C were smaller (2-5 um) and of 















Figure 57. Electron Micrographs of Brown Basaltic Particles 
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Figure 58. EDX Spectrum from Particle A in SEM #01616 
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Figure 59. EDX Spectrum from Particle B in SEM #01616 
an aluminum silicate, but they differed in their iron, calcium, sodium, and 
magnesium contents. Particles A and C, though compositionally similar, 
differed slightly, particle A showing, more calcium than either of the 
others, and very little iron. In comparison with previous Pasat EDX 
spectra for basalt particles, Figs. 61-63, the difference in the promi-
nence of various lines makes it clear that the fine particles were not 
merely fracture products. (In all cases the copper line arose from the EDX 
system, and should be ignored.) 
The particles were not algae or other organic matter. The electron 
micrographs, Fig. 57a,b showed that they have very sharp edges, not the 
smooth contours that are typical of organisms such as algae, which might 
grow in a solution exposed to fluorescent of light for long periods. 
Reactioh with hydrogen peroxide showed no appreciable weight change in a 10 
mg sample of the particles. 
Finally, the particles had a negative surface charge, which is common 
for minerals in water. This was determined by a rough flocculation test 
utilizing four molarities each of NaCl, CaC1 2 , A1C1 3 , and Na 2 SO4 . It was 





lar, while CaC1 2 
required less, and A1C1
3 
 least. Thus, Cl and SO4 




+2 Na+ . From the Schulze-Hardy Rule for flocculation of 
colloids, it was concluded that the particles carried a negative charge. 
The above findings may be summarized as follows. The particles were 
mineral grains of some sort, apparently the products of basalt dissolution 
and reprecipitation, since they did not have basaltic composition and did 
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Figure 60, EDX Spectrum from Particle SEM #01616 
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Figure 61, White Particle from Basalt Sample - SEM 01603 
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Figure 62. Acicular Particles on Basalt in SEM 01604 








Figure 63. Basalt Particle Shown in SEM 01604 
not require the addition of kaolin to be formed. They were inorganic and 
were not simply iron oxide impurities such as might arise from the wearing 
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ABSTRACT 
One of the processes that has received relatively little attention in the 
assessment of the potential environmental impact of nuclear waste repos-
itories in geologic media is the transport of dissolved waste nuclides on 
suspended particles along an aquifer. The present project was designed 
to establish the feasibility of this particular pathway, to measure the 
relative adsorption rates on particulates for the waste nuclides of 
interest and to investigate the migration characteristics of typical 
suspended particles through a simulated porous aquifer. 
The work consisted 1) of static adsorption tests for various radio-
nuclides on potentially suspended media in the presence of representa-
tive host rocks in deionized or rock-equilibrated water; 2) of column 
tests in which tracer-labeled kaolin particles were injected into a 
slowly moving stream. By analyzing the activity of the effluent, the 
transport characteristics could be determined; by dissecting the columns 
the retention mechanism could be studied. 
The work has established that a) suspended particulates can reasonably 
be expected in invading waters in a variety of accident scenarios; b) 
gram for gram the suspended kaolin particles would adsorb a high propor-
tion of any dissolved nuclides compared with even extensive surface 
areas of host rock; c) there is substantial transmission of particulates 
through a permeable aquifer in sand and shale, and to a lesser extent in 
basalt and limestone; and d) there is a prompt transmission wave 
traveling at flow velocity and, also, in several media a delayed compo-
nent accounting in some cases for a substantial portion of the particles 
migrating. The mechanism for this delay is not fully understood yet and 
requires further study. There is an agglomeration effect associated 
with saline waters and high dissolved ion concentration, which also has 
some effect on the delay mechanism. 
The research reported here supports the contention that particulate 
transport in many cases may be a competitive process of nuclide migration 
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INTRODUCTION 
The assessment of the long-range impact of a deep repository for high-
level radioactive wastes is usually done by assuming a catastrophic 
invasion of water into a carefully engineered mined cavity, either in 
rock or bedded salt, containing canisters filled with vitreous, solidi-
fied waste materials. The usual scenario assumes a slow, steady leaching 
of the waste material following corrosion of the container, and migra-
tion of any dissolved waste ions through a porous aquifer until the water 
reaches the surface some distance from the repository, subject to delays 
due to the slowness of the water movement and to the kinetics of adsorp-
tion and desorption of the ions on the adjoining rock surfaces. Some 
nuclides that do not form ions that exchange readil
Y6
y nr that form anionic 
- complexes may move at the rate of water movement. 
An alternative scenario, that may also occur, assumes that the leached 
waste nuclides do not stay in solution, but adsorb on suspended particu-
lates that may be expected to exist in the invading water. Subsequent 
migration would then be determined by the interaction of the particles 
with the surrounding rocks, rather than by ion-exchange kinetics. De-
pending on the nature of the water and the surrounding mineral surfaces, 
particulate migration may or may not introduce significantly longer mi-
gration ranges. Figure 1 schematically illustrates the two alternative 
pathways. 
Particulates, in the micron range occur commonly Tin all subsurface 
waters. Near the surface this may include bacteria and organic com-
plexes.
8 Clay minerals are commonly found as coatings on rock surfaces 
and filling fractures and may well be mobilized in the postulated incur-
sion of water into the repository cavity. Another source of particles 
arises from the mining activities that created the repository cavity, 
leaving behind substantial quantities of rock dust; this has been ob-
served in the Stripa mine. Finally, decrepitation of the vitrified glass 
matrix results in fine glassy particulates that could either serve as 
carriers for dissolved materials, sue as plutonium, or contain small 
quantities of waste activity already. In basalt it has been found that 
secondary minerals may be removed preferentially and form suspensions in 
water. iu ' This has, in fact, presented some problems in the current 
work presented here. The concentrations of such particulates to be 
expected in a postulated accident scenario have not been well estab-
lished; for the present purpose it is prudent to assume conservatively 
high values. 
In a salt repository, particulates would come solely in the invading 
water. Additionally, high salt concentrations may promote formation of 
radiocolloids which would behave as suspensions. This has not usually 
been
IL 
considered in the formulation of source terms for a salt reposi- 
tory and it may not represent a major pathway. 
A critical factor in predicting migration behavior by any pathway is the 
nature of the invading water. Analyses of deep waters in the literature 
are sparse and not always consistent. For the Savannah River Lab area 
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Figure 1. Migration Pathways 
Marine
13 
has reported water analyses from crystalline metamorphic rock 
whose pH typically was in the range of 5.6-7.5, but with some pH values 
ranging up to pH 11.1, with no clear correlation with C0 or SO 4 content. 
For the Hanford basalt structures pH values of 10.1-10:t have been pro- 
jectedwith HCO 3 values of the order of 60-100 ppm at a temperature of 
60-250
o 
 C. This contrasts with the ug lower pH values assumed for 
adsorption studies at ANL and LASL
14m
' under atmospheric conditions 
with rock-pretreated waters. The present study also has emphasized 
migration phenomena in rock-equilibrated waters under air-free, but not 
hermetic conditions. Table 1 summarizes the principal parameters in-
volved in the present work. 
The objective of the present study then was threefold: to establish the 
feasibility of the particulate pathway, to determine the retardation 
coefficients and adsorption constants for particulates and to lay the 
groundwork for the inclusion of this pathway in assessing potential 
environmental effects of geologic waste repositories. It will be seen 
that the work reported here has met these objectives to a significant 
extent. In addition, outside evidence for the existence of mobile par-
ticulates at repository sites has continued to come in during the period 
covered in this report. 
REVIEW OF EXPERIMENTAL WORK 
Several distinct processes are involved in particulate migration. Some 
of these can be considered fairly independent of each other and can be 
studied separately; others operate synergistically and yet others are 
highly site-specific. The progression in the work plan has been to study 
phenomena in a fairly qualitative fashion initially, both to assess the 
magnitude of effects involved and to demonstrate the reality of the 
postulated particulate migration process. This was followed by more 
quantitative measurements on adsorption rates, migration ranges and re-
tardation effects and this work has resulted in a substantial volume of 
data. Work on more site-specific conditions could not be started in the 
absence of a definitive selection of potential sites. Hopefully, such 
work can be undertaken in the near future. 
A suspension of submicron particulates was produced by allowing a sub-
stantial amount of crushed fine kaolin particles to float freely in a 
carboy of distilled, deionized water. This was left standing for several 
years and the somewhat cloudy supernate has served as a convenient stock 
solution. Kaolin, which is a good cation exchanger, was assumed to be 
representative of a range of clay minerals, though the individual ex-
change properties will vary, of course, from site to site. Similarly, 
the rock samples employed were assumed to be generic in character, though 
again site-specific material may have to be tested aA a later stage. 
Table 2 lists the rocks utilized and their provenance. Because of the 
friable nature of the oolitic limestone, some later limestone tests 
employed a crushed and screened marble from Tate, Georgia. 
* 
TABLE I. Experimental Parameters 







Deionized Water None Sand Kaolin Na-24 






Limestone Shale Pu-237 
Shale Basalt Np-235,237 




Items in parentheses were considered of interest but not actively employed 
in the work described in this report. 
TABLE 2. Rocks Utilized in the 20 to 50 Mesh Size Range in these Studies 
(from Ref. 16) 
ROCK 	 SOURCE LOCATION 
	
PROVENANCE 
Westerly Granite 	New England 	 Lawrence Livermore Labs 
Hugh Heard 
Argillaceous Shale New York State 	 Wards Natural Science 
(Green) 	 Establish. Cat. No. 47W7400 
Oolitic Limestone 	Indiana 	 Wards Natural Science 
Establish. Cat. No. 47W4670 
Sentinel Gap Basalt Washington State Highway Pacific Northwest 
243 Road outcrop 	 Laboratory, L. L. Ames 
between Beverly and 
Mattawa, WA 
Conasauga Shale 	Core Well No. OWI-OR-8 	Oak Ridge National Lab 
depth 16 to 100 ft 	L. R. Dole 
Climax Stock 	Pile driver tunnel Lawrence Livermore Lab 
"Granite" 	 complex, 1367 ft below 	L. D. Ramspott 
the collar of shaft 1501, 
Nevada State N901, 147 E 
677,016 
Anhydrite 	 Core Well AEC 8 depth 	Sandia Laboratories 
3080.9 - 3083.5 ft 	D. W. Powers 
Los Medanos, N. Mexico 
Magenta Dolomite 	Roadcut along N.M. 	Sandia Laboratories 
Rustler Formation 
	
Highway 31 near entrance D. W. Powers 
to IMC mine Sec 1, T22S, 
R29E 
Culebra Dolomite 	Roadcut along N.M. 	Sandia Laboratories 
Rustler Formation Highway 62/180 about 	D. W. Powers 
7 miles South of 
Carlsbad airport, Sec 4, 
T24S, R26E 
Early adsorption and column tests employed distilled, deionized and 
deaerated water. Later tests frequently used "rock-equilibrated" water, 
prepared by contacting a substantial quantity of ground rock with ini-
tially deionized water over a period of several weeks. Deaeration in-
volved bubbling cylinder-nitrogen through a long column of water for 
extended periods prior to use. 
Adsorption tests were done on a beaker scale contacting the crushed 
mineral with calibrated solutions of the nuclide of interest. Whenever 
possible, material balances were obtained to correct for beaker wall ad-
sorption. Radiotracers employed included Cs-137, Tc-95m, Np-237, and 
Pu-237. The liquid and solid phases were separated by centrifugation and 
counted with a scintillation counter. Details of the procedure may be 
found in the Quarterly Progress Reports and Summary Report on this pro-
ject. 
In contrast to other WRIT studies that were concerned with dissolved 
nuclide migration and their adsorption on mineral surfaces, in this case 
attention was focused on adsorption on the suspended clay particles from 
a hard water in the presence of mineral surface, i.e. these tests were 
three-component tests, or four-components if one includes the beaker 
wall. For this reason, an overall balance had to be obtained and a good 
knowledge of surface areas involved was of importance. A prociluy for 
measuring wetted surface areas by the ethylene glycol procedure  has 
been set up, but the consistency of results was not considered to be 
better than order of magnitude. 
The work conducted under the present project can be categorized under 
these general headings: 
A. Characterization of materials and conditions; 
B. Sorption experiments; and 
C. Particulate migration experiments. 
The following sections will discuss the principal activities under those 
headings. 
Characterization of Materials and Conditions  
Minerals  
As Table I indicated, mineral samples are required to simulate both the 
suspended particulates and the rock matrix bounding the aquifer or the 
depository. For the particulates, suspensions have been prepared using 
Georgia kaolinite, oolitic limestone, shale, and vermiculite. Coarse 
mineral bed samples were prepared from specimens of sand and of basalt, 
limestone, dolomite 'I6and shale obtained through the WISAP program and 
fully characterized. Batch
2 
values on these materials have also been 
reported by Relyea and Serne. Table 2 lists the source of the mineral 
samples. 
Coarse material was crushed and ground as needed in the Mineral Engi-
neering Labs at Georgia Tech. Suspensions were prepared in large carboys 
to provide an adequate supply of material of consistent composition and 
concentration. Centrifuged and dried samples have been examined by 
electron microscopy; such observations on kaolin particles will be re-
viewed later. Concentrations of suspended particles were controlled 
mainly by turbidity and optical transmission tests. Attempts were made 
to standardize size distributions by comparison with calibrated latex 
suspensions, but this was not considered conclusive. 
The basalt with which we have been working is a very tough material and 
there is a potential for contamination by wear from the surfaces of the 
crushing equipment. The basalt was received in the form of chunks, fist-
sized and slightly larger. Early samples were broken by hand with a 
hammer and then crushed between heavy cast steel rollers which were set 
successively closer together. The crushed material was fractionated by 
screening. Some of the finer sizes were also produced by ball milling 
fractions larger than 15 mesh in a ceramic jar with alumina balls. This 
also produces contamination; visible wear occurred on the jar. It is 
believed, however, that the ball and jar material was removed later as 
very fine particles when the subsequently screened fractions were re-
peatedly washed until no turbidity could be seen in the wash water. The 
basalt was then dried for storage until use. Subsequent samples have 
been precrushed with a jaw crusher. 
Physical and Chemical Conditions of Deep Groundwater 
To establish realistic test conditions an appropriate choice of ex-
perimental parameters is important. Three areas of specific importance 
to the present work are the nature and concentration of carbon dioxide in 
deep waters, the influence of diagenesis, and the effects and importance 
of "equilibration" of water with surrounding minerals. 
Estimates of the concentrations of dissolved CO
2 
in deep water seem to 
vary appreciably. I. W. Marine at Savannah River Labs has analned deep 
groundwater samples and reported concentrations of 10-40 ppm. Though 
the source of water may be different in different candidate repository 
formations, that range of CO concentrations will be used in upcoming 
tests in to present project. 
2 
 measurements on the Lac Du Bonnet 
batholith report CO
2 
concentrations of 13 and 45 ppm. Various ways of 
attaining such concentrations have been examined, based on the known 
reaction constants for the CO
2
-carbonate system in water. No water with 
added CO
2 
has been used so far. 
There has been disagreement among investigators as to the validity of 
data obtained using freshly crushed rock when extrapolation is to be made 
to the actual conditions existing in the rock in situ. Surfaces in 
contact with groundwater for significant periods of time are subject to 
diagenesis and alteration of surface properties and characteristics. 
Obtaining and studying material with sufficient natural surface has not 
been possible within the limitations of our work, so ground material has 
been used. 	"Equilibrated" water has been used in most instances to 
provide at least a relatively stable situation between the composition 
of the mineral surface and the liquid in contact with it. 
"Equilibrated" water has been prepared by keeping deionized water in 
contact with sizable portions of the mineral for extended periods (weeks 
or months). In some instances stirring was employed, and in others the 
water was gently refluxed. The equilibrated water was passed through a 
Millipore filter before use. Some properties of these waters are listed 
in Table 3. 
Properties of the Particulates  
The behavior of kaolin particles in columns of various crushed rocks has 
been studied, using deionized water as the carrier. 
The kaolin suspension had been prepared over two years ago by stirring 
kaolin in water and allowing it to stand. Samples were removed from the 
top for use. For each test the suspension was prepared for use by 
centrifuging, decanting the supernatant, resuspending in water by ultra-
sonic agitation, and then repeating this sequence again. The resulting 
sol was activated by irraNation in the Georgia Tech Research Reactor for 
one hour at a flux of 10 neutrons/cm
2
/sec. Sodium was found to be the 
most easily activable constituent of the kaolin and the resulting Na-24 
has been used to follow the movement of the kaolin particles in all the 
tests reported here. 
The initial problem was to obtain enough of the particles from their 
respective suspensions to effectively wash and label them. 50 ml samples 
of suspension were placed in centrifuge tubes and "spun down," out of 
suspension. With the water drained off, it was a simple matter to 
transfer the solid material at the bottom of the tubes (the particles) 
into a single test tube. Particles from 1 liter of suspension of each 
type were grouped into one tube. 
After the concentration was made, a 4:1 buffer to peroxide solution was 
used to fill the tubes containing the particles. This mixture was then 
boiled for about 10 minutes to wash the particle surfaces. The buffer 
solution was used to negate the acidic quality of peroxide that becomes 
apparent when it is boiled. The particles were then spun down, resus-
pended and rinsed in water, spun down, rinsed, and finally spun down for 
good. In this state, they were ready for absorption of the tracer 
isotopes. 
All of the tubes with the particles were diluted with 50 ml of distilled 
and deionized H
2
O. Transmittances were measured at A = 3200 A. The 
highest percent transmittance solution was kept as a standard and the 
others were diluted to this value (+ 5%). These diluted solutions of 
particles and H2O will be called "kaolin solution." 
TABLE 3. Preparation and Properties of Equilibrated Water 




Basalt Refluxed 7.59 55 
Basalt Stirred 7.10 94 
Shale Refluxed 6.96 630 
Limestone Refluxed 8.74 450 
Magenta dolomite Refluxed 8.62 1600 
Culebra dolomite Stirred 8.54 265 
*Water and mineral in contact for 60 days or more. 
The morphology of the particulates was determined from electron micro-
graphs. The particles shown on the electron micrographs were counted on 
a Zeiss counter and a size distribution plot (Fig. 2) was prepared. The 
mean particle size was found to be 0.125 ± 0.03 micron. It was assumed 
initially that with particles this small, little mechanical entrapment 
due to physical hindrance or interstitial straining will occur in a 40/50 
mesh medium unless particle agglomeration occurs; any radioactivity de-
posited in the column will, therefore, be due to particle immobilization 
by other mechanisms or by transfer of radioactivity to the bed material. 
Figure 3 shows a typical electron micrograph of the kaolin particles from 
a suspension. They are seen to be well-formed polygonal platelets, with 
some natural conglomeration occurring even in deionized water. 
SORPTION EXPERIMENTS 
After leaching from the waste matrix, all impact scenarios are concerned 
with the subsequent movement of the dissolved radionuclides. They may 
move with the water, subject to ion-exchange or precipitation reactions 
on exposed mineral surfaces. They mey form soluble complexes or they may 
absorb on suspended matter, the case of interest in the present context. 
Particulate vectors contribute to radionuclide migration only to the 
extent that direct spallation of the waste solid occurs, or that dis-
solved atoms adsorb on any dispersed particles present in the first place 
and stay on them as they pass through various aquifers under conditions 
of varying pH, salinity, hardness, and mineral boundaries. In the near 
field, temperature and radiation effects may be of significance and, for 
salt repositories, salinity. In the far field region, subsequent move-
ment would be expected to be subject to particle-rock interactions and 
perhaps, some desorption into the low-concentration water flow. The 
degree of partitioning between particulate adsorption and continued dis-
solution into the effluent from the repository region determines the 
relative importance of each pathway. This will vary for each element 
and, obviously, will depend on the nature and concentration of the sus-
pended material, the characteristics and composition of the water (pH, 
hardness, etc.), salinity, and relative surface areas and sorption 
characteristics of all accessible mineral matter. 
For this reason, adsorption tests were conducted to determine sorption 
of dissolved ions onto kaolin particles as a function of pH, ionic 
strength, and salinity. This produced a series of Kd v2lues comparable 
to those obtained for other minerals in the WRIT program. In addition, 
partition coefficients have been obtained for tracer adsorption on 
kaolin and other rock suspensoids from rock-equilibrated solutions in 
the presence of various quantities of such rocks. 
Initial experiments involved only a single solid material (plus the 
unavoidable surface of the container), but in later work a second solid 
material was present. As a result of considerable experimentation, it is 
now believed that the optimum procedure for carrying out this type of 
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Figure 3. Electron Micrograph of Kaolin Dispersion 
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1. Place radioisotope in a test tube and count. This provides a 
total to compare with the sum of components determined later. 
2. Add enough water to make up the liquid containing particulates 
to a total of 15 or 25 ml. 
3. Add mineral matter and suspended particulates. 
4. Swirl and allow to stand for equilibration. 
5. Centrifuge to separate particulates from the liquid. 
6. Withdraw half of the clear liquid and count. 
7. Count the remaining test tube which contains half the liquid 
plus all of the mineral and particulate matter. 
8. Transfer to a new tube and count the original (now empty) tube 
to ascertain container adsorption. 
9. Separate mineral and particulate by resuspending the particu-
lates ultrasonically then removing as much particulate and 
liquid as possible. Rinse mineral with acetone and combine 
rinsings with container of particulates. 
10. Count mineral. 
11. Count particulate suspension, centrifuging and removing super-
natant if necessary to reduce volume for counting. 
The above describes the general manner of operation, although some modi-
fications were necessary in specific instances and will be indicated. 
Early measurements determined Kd values from loss of activity in the 
liquid. In later measurements, and particularly in 3-phase tests, at-
tempts were made to account for the activity in all components. Occa-
sionally this resulted in an apparent overcount, due to difficulties in 
maintaining comparable detector counting geometries with highly hetero-
geneous samples. 
Adsorption Tests on Coarse Particles  
One of the principal mechanisms of interest is the attachment of radioac-
tive waste ions onto the suspended particulates. In order to simulate 
this effect, sorption measurements were done under static condition. 
Adsorption studies have been conducted to determine the relative distri-
bution of radiotracers between solid and liquid phases. 
The initial step in the study of the competitive forces has been to 
determine the distribution of Cs-137 and Pu-237 in different liquid-
solid systems. The presumed lack of free oxygen in subsurface formations 
has led to a series of experiments under deoxygenated conditions. 
The general technique was to place 100 ml of the liquid in a flask with a 
known amount (usually 1 gram) of the mineral to be studied, and to add a 
known amount of radionuclide. Samples of the solid and liquid are 
separated at intervals and the radioactivity of each fraction was 
measured. The deoxygenated system consisted of flasks connected in 
series by flexible tubing through which a flow of water-saturated nitro-
gen was maintained. 
Cesium adsorption  
Sorption measurements began with Cs-137 as the radiotracer and included 
several variations in technique due to uncertainty as to the effect of 
stirring and the presence (or absence) of oxygen. It was found, however, 
that stirring is not a factor of concern in these experiments. The 
presence or absence of oxygen also did not seem to cause any significant 
difference in the Cs-137 results, although the system of oxygen exclu-
sion was admittedly less than absolute. The nitrogen gas used was known 
to contain a few parts per million of oxygen, but based on its partial 
pressure, the dissolved oxygen in the water was obviously quite low. 
Table 4a summarizes the results obtained in several different runs of 
four weeks' duration for the various bed materials of interest. In each 
instance, only the radioactivity of the liquid is given, as determina-
tion of the activity of the solid would have required termination of the 
experiment. From this table it is seen that sand had the least affinity 
for Cs-137 and basalt had the greatest, although it is to be noted that 
both sand samples were much coarser than the other minerals. The inter-
mediate value obtained for the basalt-kaolin combination (09) is be-
lieved due to incomplete removal of the kaolin from the sample which 
retained a visible turbidity. 
In another set of experiments the effects of deionized water and brine 
were compared in the adsorption of Cs-137 on basalt and kaolin. Kaolin 
coagulated rapidly in the presence of salt water. The results showed 
that if basalt is first brought into equilibrium with saturated brine its 
sorptive capacity for Cs-137 is greatly reduced. This is probably due to 
having most of the active sites on the surface filled by sodium ions. 
Similar results were seen for kaolin, although reduction of exposed 
surface area due to coagulation might account for a small reduction in 
sorptive capacity. 
The mineral substrates investigated in this series were Sentinel Gap 
basalt, Conasauga shale, oolitic limestone, Magenta dolomite, and 
Culebra dolomite. The results of comparative tests with such rock 
samples are summarized in Table 4b. Except for limestone, dissolved 
cesium is strongly removed from deionized water; the presence of NaCl 
inhibits Cs removal. 
The general pattern of these results shows that increasing ionic 
strength of the liquid phase reduces the sorption of cesium on the 
mineral. This effect is probably due to competition between ions for the 
limited number of adsorption sites on the surface of the substrate. The 
absence of oxygen in distilled, deionized water had little, if any, 
effect except in the case of limestone, where sorption was greatly in-
creased in the absence oxygen. Oxygen was excluded from the sodium 
chloride solutions in only one instance (with basalt) where a signifi-
cant decrease in sorption on the mineral was observed. 
To determine if beaker wall adsorption affected the activity appre- 
ciably, some flasks were first treated by filling with a 0.01 M solution 
of non-radioactive cesium chloride for three days prior to use. In most 
TABLE 4a. Summary of Cesium Adsorption Tests on Various Rock Types 
Description Oxygen Stir Initial 4 weeks K dml/g 
1. Sand(60-140 Mesh) No Yes 13,985 8,265 1.4 
2. Magenta Dolomite 
(325-500) No Yes 17,175 1,245 13 
3. Basalt(325-500) No Yes 19,060 464 40 
4. Shale(250-270) No Yes 17,238 892 18 
5. Culebra Dolomite 
(250-270) No Yes 18,441 483 37 
6. Limestone(200-250) No Yes 19,357 1,644 11 
7. Basalt(325-500) Yes Yes 18,341 423 42 
8. Basalt(325-500) Yes No 19,540 409 47 
9. Basalt(325-500) Yes Yes 16,526 1,306 12 
+ Kaolin 
10. Sand(35-60) Yes No 17,525 11,442 0.53 
Each sample 1.00 g of the specified sample in 100 ml of 0.028 pCi/m1 Cs-137 
TABLE 4b. Percent Removal of Cs-137 from Liquids 
in Contact with Mineral Particles 
Basalt Shale Limestone Magenta Culebra 
81.5 95.1 29.7 90.1 92.1 
82.4 90.4 71.5 90.0 90.3 
75.8 92.0 12.3 79.5 
82.4 72.7 
39.2 84.7 14.7 57.0 22.8 
15.2 









1.0 M NaC1 
1.0 M NaC1 
deoxygenated 
(a) Prepared from distilled, deionized water refluxed in contact with the 
corresponding mineral for several weeks. 
(b) Same as (a), except stirred instead of refluxed. 
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instances the results were very similar to those obtained in untreated 
flasks, and it was concluded that pretreatment is not necessary. 
The ease with which the sorption equilibrium can be shifted was demon-
strated by the addition of 10 ml of 6.2 M NaC1 solution to each of the 
samples used in the experiments of Table 4. The added sodium displaced 
some of the adsorbed activity, increasing the activity in the liquid 
phase, as shown by the data of Table 5. These data include a correction 
for dilution by the added liquid. It is evident that tracer adsorption 
was less from equilibrated water, with its concentration of competing 
dissolved ions, than in deionized water. NaC1 reduced adsorption on 
basalt, but seemed to have little effect on dolomite sorption. 
To obtain further evidence on this effect, an additional series of tests 
was carried out on saline solutions, in the same manner as previously; 
the results are summarized in Table 6 and Fig. 4. Except for limestone, 
increased salt concentration clearly decreased available adsorption 
sites, as expected. In all cases, adsorption on limestone was appre-
ciably less than in other minerals; however, because of the friable 
nature of oolitic limestone, for groundwater flow in limestone higher 
concentrations of fine particulates may be availabie as carriers, com-
pensating for lower specific uptake. 
Neptunium sorption  
The migration of transuranium elements from both reprocessed high-level 
waste or spent fuel waste is of considerable interest. To simulate the 
effects of long-lived Np isotopes, both Np-235 and Np-237 tracers were 
employed. The neptunium-237 was obtained from Pu-237 tracer solutions 
that had undergone decay (half life 45.6 days). The isotopic purity was 
checked by y-ray spectroscopy, with special attention to the 60 keV 
conversion peak from Pu-237. 
Initial two-phase tests were mainly confined to adsorption on 25-48 mesh 
basalt. Balancing out total activity, almost 100% of the tracer activity 
was accounted for in tests with varying amounts of basalt. 
Np-237 in an acidic solution (pH 2.05) was diluted with distilled, de-
ionized water for each test. The apparent K
d 
values obtained were as 
follows: 
These results are best explained by assuming that at the higher pH of the 
basalt-equilibrated water a nearly constant proportion of the neptunium 
precipitates from the solution, regardless of the actual amount of min 
TABLE 5. Depletion of Cs-137 Activity in Water in the Presence of 
Rock and Various NaC1 Additions. 






















1. Basalt Distilled, 	deionized 
deoxygenated 1190 98 1534 
2. Basalt 1.0M NaC1, deoxygenated 3364 2798 2535 0.33 
3. Basalt Distilled, deionized 1066 148 1189 
4. Basalt Equilibrated (refluxed) 1649 312 1887 
5. Basalt Equilibrated (stirred) 1990 295 1770 0.12 
6. Basalt 1.0M NaCl 3841 2169 2265 0.70 
7. Shale Distilled, 	deionized 
deoxygenated 1254 86 240 4.2 
8. Shale Distilled, 	deionized 1425 12 183 6.8 
9. Shale Equilibrated (stirred) 2018 46 265 6.6 
10. Shale 1.0M NaC1 2693 349 306 7.8 
11. Limestone Distilled, 	deionized 
deoxygenated 984 231 1242 
12. Limestone Distilled, 	deionized 1181 763 1412 
13. Limestone Equilibrated (stirred) 2249 1863 2596 
14. Limestone 1.0M NaC1 3001 2495 2569 0.17 
15. Culebra Distilled, 	deionized 
deoxygenated 905 49 602 0.50 
16. Culebra Distilled, 	deionized 1385 67 878 0.58 
17. Culebra Equilibrated (stirred) 1413 413 1516 
18. Culebra 1.OM NaC1 2826 2015 907 2.1 
19. Magenta Distilled, 	deionized 
deoxygenated 1127 52 449 1.5 
20. Magenta Distilled, 	deionized 1170 101 553 1.1 
21. Magenta 1.OM NaC1 2726 987 1111 1.4 
TABLE 6. Adsorption of Cs-137 from Sodium Chloride 
Solutions of Different Concentrations 
NaC1 
Concentrations Basalt Limestone Shale Magenta 
Millimoles/1 
0. 89.5% 48.0% 96.2% 95.7% 
5. 90.1 29.2 95.5 89.8 
10. 88.3 25.9 94.5 91.2 
15. 87.3 35.4 93.2 89.3 
25. 82.6 28.5 92.1 89.6 
50. 77.6 29.2 91.2 84.1 
100. 71.0 33.0 90.5 78.4 
500. 51.8 29.0 86.7 66.1 
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eral present. The test was repeated with 250 A of acidified Np solution 
and 19 ml of water with very similar results, with a slightly higher loss 
of activity by precipitation at all but the lowest mineral additions. 
However, there has been considerable question about the validity of IC ,1 
 values obtained in this fashion when it is not certain that mineral and 
solutions are in equilibrium. 
To test the proportion of anionic Np complexes present in solution, 
sorption tests were done with anion and cation exchange resins in suspen-
sion. Starting at pH 2.6 and adding 0.5 g ion exchange resin of either 
type to 15 ml of Np solution extracted about 42% of the tracer with both 
resins, suggesting the presence of both Np-IV and Np-II in comparable 
proportions. In contrast, in a similar test at pH 9.5, most of the Pu in 
contact with cation resin was removed and about 70% of Np in contact with 
anion resin. 
Adsorption on Suspended Particles  
The adsorption of radioisotopes on the very small particles that consti-
tute the mobile solids has been investigated for various source solu-
tions. The procedure was essentially the same as that used with the 
granular material of much larger particle size, but some manipulative 
refinements were required. In order to obtain enough solids with which 
to work, it was necessary to centrifuge the normally stable sols that 
were used in this work. Kaolin, vermiculite, and basalt particles were 
concentrated in this manner. The kaolin was treated with hydrogen 
peroxide in a buffer solution in order to oxidize any organic matter 
present which could exert absorptive capability disproportionately to 
its quantity. Excess peroxide and other extraneous solubles were re-
moved by washing and centrifuging several times. The concentration of 
particles was approximately equalized by dilution with water until the 
suspension of all three minerals showed the same percent transmission of 
light when measured spectrophotometrically. Experiments were then 
carried out with these suspensions, varying the quantity of suspension, 
tracer concentration, sodium chloride concentration, and pH. 
Table 7 shows the results of Cs-137 sorption from solutions made from 
distilled, deionized water. Three tests of each permutation were re-
quired; one each for vermiculite, kaolin, and basalt. It is seen that 
the tracer concentration has little bearing on the fraction adsorbed. 
The amount adsorbed leveled off with increasing particle concentration 
to an equilibrium partition factor; this is shown in Fig. 5. Adsorption 
on vermiculite was clearly above the others; quantitative evaluation 
must await more precise surface area determination. 
The effect of salt in solution was most striking and significant. Except 
for vermiculite at low salt concentrations, NaC1 appears to pre-empt 
adsorption sites and to interfere with tracer uptake. It, therefore, 
follows that suspensions are less likely to adsorb cesium from solution 
in a saline environment, but on the other hand, once adsorbed, cesium is 
also less likely to desorb into saline water. 
TABLE 7. Cs-137 Adsorption on Suspended Particles 
A) Effect of particulate concentration  
Residual 
Suspended 	Concentr. Initial 	Final 	activ. in Percent 
Mineral (ml of susp.) Count Count solution 	uptake 	KA 
	
(cpm) 	(cpm) 	(%) (m17g) 
Vermiculite 	3.0 	14815 	9376 	63.3 	36.7 	0.58 
2.5 15358 12280 80.0 20.0 0.25 
2.0 	14646 	9970 	68.1 	31.9 	0.47 
1.5 14548 10430 71.7 28.3 0.39 
1.0 	13657 	11295 	82.7 	17.3 	0.21 
Kaolin 	 3.0 17403 12441 71.5 28.5 0.40 
2.5 	14340 	13020 	87.0 	13.0 	0.15 
2.0 15833 13478 85.1 14.9 0.18 
1.5 	15187 	14382 	94.7 	5.3 	0.056 
1.0 14840 13840 93.3 6.7 0.072 
Basalt 	 3.0 	13387 	12734 	95.1 	4.9 	0.052 
2.5 14746 12825 87.0 13.0 0.15 
2.0 	14527 	12906 	88.8 	11.2 	0.13 
1.5 14324 12798 89.3 10.7 0.12 
1.0 	13588 	13555 	99.8 	0.2 	0.002 
B) Effect of Cs-I37 concentration  
Vermiculite 	0.050 	7569 	3961 	52.3 	47.7 	0.91 
0.075 11459 
0.150 	22888 	18570 	81.1 	18.9 	0.23 
0.250 40822 35126 86.0 14.0 0.16 
Kaolin 	 0.050 	6708 	5527 	82.4 	17.6 	0.21 
0.075 10602 9663 91.1 8.9 0.10 
0.150 	22121 	21540 	98.7 	1.3 	0.013 
0.250 38431 38400 99.9 0.1 0.001 
Basalt 	 0.050 	6464 	5306 	82.0 	18.0 	0.22 
0.075 9187 8687 94.6 5.4 0.057 
0.150 	26637 	25752 	96.7 	3.3 	0.034 
0.250 38394 40173 105.0 
C) Effect of NaC1 concentration  
Vermiculite 
	
0.005 	16419 	14184 	86.4 	13.6 	0.16 
0.010 15060 13936 92.5 7.5 0.08 
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Fig. 5. Adsorption of Cs-137 on Mineral Suspensions from DI Water. 
Plutonium sorption  
The adsorption of Pu-237 on particles in suspension in deionized, 
deaerated water was also determined. Table 8 lists the results where it 
may be seen that kaolin absorbs the radioisotope much more strongly than 
either vermiculite or shale. However, because of the different pH values 
prevailing, conditions cannot be considered strictly comparable. 
TABLE 8. Pu-237 Adsorption on Suspended Minerals 
Mineral 	 Concentration 	 pH 	 KA 
Suspension (mg/ml) 	 (m1/0 
Vermiculite 	 51.03 	 7.32 	 1985 
Shale 	 62.27 2.92 751 
Kaolin 82.2 	 3.12 	 8319 
Technetium sorption 
Table 9 presents the results of a series of tests on the adsorption of 
Tc-95m on various mineral samples from equilibrated water at a pH around 
5. At that pH value, Tc precipitation is not considered likely and it is 
of interest to note that about half the Tc activity appeared on all the 
mineral surfaces. 
Multiphase Experiments  
More significant in terms of field conditions are a series of experiments 
performed to measure sorption from equilibrated solutions in the pre-
sence of excess mineral matter. The initial set of tests each involved 
one gram of 25-40 mesh mineral (sand, limestone, shale, basalt), a parti-
cle suspension containing approximately 4.35 mg kaolin in distilled, 
deionized water, and 5 pl of 9.4 iCi/ml Cs-137. After contacting, thirty 
minutes of centrifugation were required to remove the kaolin from sus-
pension, and thirty minutes of ultrasonic agitation were required to 
fully resuspend the particles. Table 10 shows the results that were 
obtained. 
In earlier adsorption tests of Cs-137 on basalt, no competing suspended 
matter was present. The uptake and corresponding K,4 value was found to 
increase as the quantity of basalt was increased up ro a total of 0.10 g. 
At the 0.1 g level, 43% of the activity was associated with basalt. At a 
constant radioisotope concentration, uptake would be expected to depend 
on the quantity of mineral matter present. Note that even a small amount 
of kaolin, compared with the amount of mineral present, adsorbed a signi-
ficant fraction of the Cs activity. 
Technetium sorption was measured in experiments involving a kaolin sus-
pension, Tc-95m tracer, and shale, limestone, and basalt as the mineral 
matter. The liquid volume of 20 ml was composed of 10 ml of kaolin 
suspension plus 10 ml of water equilibrated to the corresponding miner 
TABLE 9. Technetium Adsorption on Coarse Rock in Equilibrated 
Activity (cpm) 
Water 
Test Initial pH Final pH Initial 2 day Uptake KA 
sample sample (%) (m17g) 
Shale #1 4.9-5.0 4.8-4.9 7617 3816 49.9% 1.0 
Shale #2 4.9-5.0 4.8-4.9 7693 4254 44.7 0.81 
Basalt #1 4.9-5.0 4.9-5.0 7800 4190 46.3 0.86 
Basalt #2 4.9-5.0 4.9-5.0 7392 3623 51.0 1.0 
Limestone #1 4.9-5.0 4.5-4.6 7174 3845 46.4 0.87 
Limestone #2 4.9-5.0 4.5-4.6 7426 3141 57.7 1.4 
Sand #1 4.9-5.0 4.9-5.0 7843 3795 51.6 1.1 
Sand #2 4.9-5.0 4.9-5.0 7490 3759 49.8 0.99 
Table 10 
• Cesium Adsorption Tests • 
Run 
II 
Net counts per minute 
Activity Distribution 






Test 	 Total 	Suspended 
Tube Mineral 	Suspended - 	• 	per g 
SuSpended 
-Ilinaral 	(Kaolin) Liquid Mineral 
Kaolin 
Suspension 
1B 53142 215 743 45417 1503 3.45 k 	10
5 
85.5 2.8 . 8.1 211.0 •1607 
2B 53204 198 695 43565 1741 4.00 x 	105 81.9 3.3 7.4 220.0 2021 
1L 54411 1047 1137 35935 1408 3.24 x 	105 66.0 2.6 . 38.5 34.3 309 
2L 45003 859 897 30564 2075 4.77 x 	105 67.9 4.6 38.2 35.6 555 
1Sd 43374 999 1826 17320 4558 •.05 x 	106 40,9 10.8 47,2 17.3 1049 
1Sd 45994 1175 1822 17014 4606 1.06 x 	10
6 
37.0 10.0 25,5 14.5 901 
1S 60485 83 405 50886 7688 1.77 	x 	10
6 
82.8 12.7 2,7 613.0 21293 
2S 62257 43 256 47569 9992 2.30 	x 106 76.4 16.0, 1.4 1106.0 53419 
B 	w basalt 
L 	= limestone 
Sd n sand 
S %-= shale 
al. The quantity of mineral added was varied from 0.05 to 1.0 grams. At 
the beginning of this experiment it was noted that in the tubes con-
taining shale the kaolin coagulated and settled out rapidly. This was 
probably due to the higher ionic strength of the shale-equilibrated 
water resulting from the greater solubility of the components of shale. 
The conductivity and pH of the mineral-equilibrated waters are given in 
Table 11. From the high conductivity value for shale it is concluded 
that the high ion concentration was responsible for the coagulation of 
the kaolin particles; this effect probably invalidates the shale results 
for the present purpose. Table 12 presents the results obtained for 
kaolin suspensions in the presence of basalt and limestone. 
TABLE 11. Properties of Mineral-Equilibrated Waters 
Mineral 
	
Conductivity (110/cm) 	 pH 
Basalt 	 180 	 8.08 
Limestone 320 8.27 
Shale 	 630 	 6.80 
Sand 106 6.72 
Since technetium does not form strong cations, one would not expect 
significant T adsorption on any of the minerals at high pH values. c 
However, even so the data in Table 12 indicate competitive adsorption on 
the kaolin suspension with both basalt and limestone under equilibrated-
water conditions. Note that a small, but finite fraction of the activ-
ity clung to the test tube. Earlier tests of Tc-95m adsorption on 
basalt, without the presence of suspended matter in competition, 
averaged about 48% uptake, at pH 5 as shown in Table 9. About 50-55% was 
observed for limestone. The difference between those data and the above 
experiment would indicate that the kaolin, at the higher pH in the three-
phase tests, can still attract some of the technetium otherwise re-
maining in solution. A definite dependence of the partition coeffi-
cients on the quantity of mineral present is obvious. 
For measurements on plutonium migration, modifications were made to the 
general procedure for a series of experiments in which the pH was ad-
justed and maintained. The minerals involved were 1 g portions of 25-40 
mesh shale, limestone, basalt, and sand. The suspended matter was 
kaolin, and the radioisotope was Pu-237. The total volume in each test 
tube was 15 ml. The pH was adjusted by adding NaOH solution after all 
the other components were present, but in later experiments the pH was 
adjusted in the tracer solution itself prior to the addition of the other 
components. Table 13 is a tabulation of the results obtained. A repeti-
tion of the limestone experiment where the pH was slightly higher and 
half the liquid was equilibrated water is given in Table 14. In both 
cases, little activity was lost to the test tube. Three of the four Kd 
 values for limestone were quite close, but the presence of equilibrated 
water produced a very large difference in the Kd values for kaolin. 
The quantity of granular basalt was varied in another set of experiments 
also presented in Table 14. Again, it is seen that the kaolin adsorption 
Run 
Table 12. 	Technetium Adsorption 
minute 
on Kaolin Suspensions. 
Adsorption DistributiOn 
(% initial activity) 
K (=dig) 






Tube 	Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
IB 0.05 41946 1579 110 572 1184 1.36 2.82 75.3 7.2 344 
2B 0.10 38423 1463 138 650 915 1.69 2.38 76.1 4.4 287 
3B 0.25 38882 1479 170 804 794 2.07 2.04 76.0 2.2 246 
4B 0.50 37794 1438 132 911 673 2.41 1.78 76.0 1.3 215 
5B 1.00 38283 1435 163 1563 534 4.08 1.39 75.0 1.1 171 
1L 0.05 41339. 1581 149 133 1381 0.32 3.34 76.5 1.7 401 
2L 0.10 37190 1442 160 171 1168 0.46 3.14 77.5 1,2 372 
3L 0.25 43557 1686 188 275 791 0.63 1.82 77.4 0.65 215 
4L 0.50 44675 1745 161 355 360 0.80 0.81 78.1 0.44 95 
5L 1.00 38747 1494 126 839 287 2.20 0.74 77.1 0.56 88 
B .., basalt 
L = limestone 
Run 
pH 
TABLE 13. 	Plutonium Adsorption Tests 
per minute Net counts 
- Three-Phase Systems 
Adsorption Distribution 
(% initial activity) KD (ml/g) 
Initial Final Tracer Liquid 
.Empty 
Tube 	Mineral Suspended Mineral Suspended Liquid Mineral Suspended 
S1 7.5 7.5 24793 248 94 1023 23418 4.1 94.5 0.9 61.0 . 	17300 
S2 7.4 7.5 24842 114 50 1231 23306 5.0 93.8 0.3 162.0 37400 
LI 7.5 7.6 24915 220 75 1599 22942 6.3 92.0 0.5 109.0 19100 
L2 7.4 7.5 24687' 230 80 944 23731 3.8 96.1 0.5 61.5 18900 
31 7.5 7.4 24073 0 32 1982 19507 8.2 81.0 - - - 
32 7.5 7.6 23982 164 62 1839 19499 7.6 81.3 0.4 168.0 21700 
Sd1 7.5 7.4 23271 160 10 2155 20052 9.2 . 	86.2 0.4 202.0 22900 
Sd2 7.1 7.2 23302 174 23 2439 19983 10.5  85.7 	• 0.4 210.0 21000 
S A shale 
L 	limestone 
basalt 
Sd v  sand 
Table 14, Plutonium Absorption on Kaolin in the Presence of Limestone 
and Basalt from Equilibrated Water 
Run 
# 
pH Net counts per minute (% initial activity ) 
Initial Final Tracer Liquid 
Empty 
























PH Net counts per minute % initial activity 
Basalt Empty 
g Initial Final Tracer Liquid Tube Mineral Suspended Mineral 	Suspended Liquid. 
0.01 7,11 	7.07 26200 2856 524 0 17435 0 66.5 10.9 
0,02 7.59 7.55 25613 1690 ,423 108 19855 • 0.42 77.6 6.6 
0.03 7.10 	7.04 26031 1629 276 131 18018 0.50 69.2 10.1 
0,05 7.38 7.41 25503 2046 385 279 	• 18372 1.09 72.0 8.5 
0.00 7.46 	7.43 26042 2056 577 - 21031 - 80.8 8.9 
values were substantially higher than those for minerals, i.e. at normal 
pH plutonium will absorb strongly on any available suspended clay par-
ticles. 
A different batch of kaolin suspension was used in some experiments to 
determine if the size of the suspended particles had any ascertainable 
effect on the results. When the kaolin suspension consisted of particles 
considerably smaller than those of our regular stable suspension, diffi-
culty was encountered. It was not possible to clarify the supernatant by 
centrifugation; consequently, half-gram portions of NaCl were added, the 
tube shaken one minute, and then centrifuged for two minutes. This 
produced a rapid clarification of the liquid, and due to the short time 
the NaC1 was present, probably did not significantly alter the existing 
equilibrium. The results of these tests are presented in Table 15. The 
relationship of absorbed tracer to the quantity of mineral present is 
very clear, as there is a steady increase in net counts as the weight of 
mineral was increased. However, the K values were lower probably 
because of less kaolin availability. Additional runs over a range of 
mineral concentrations for limestone, shale, basalt, and sand at dif-
ferent pH values are tabulated in Table 16. They all show an approach to 
equilibrium as the amounts of mineral present are increased; for basalt 
that K
d 
value seemed to be of the order to 20 ml/g, for limestone about 
40 ml/g, whereas the kaolin adsorption, although erratic, seemed to be 
relatively independent of mineral concentration for a given initial 
tracer concentration. 
Table 17 is a summary of the results of experiments in which neptunium 
was the tracer and the variables were the type and quantity of bed 
material, the type of suspended particles, and also the temperature. On 
the basis of these results it was not possible toidentify any specific 
temperature effect between tests at 10 °C and 60°C. If there was any 
temperature effect, it was not very large and was obscured by the scatter 
believed to be inherent in this type of experiment. 
Partition coefficients associated with3 the suspended particles, except 
vermiculite, were generally in the 10 to 10 ml/g range. These high 
values are a consequence of the affinity of the mineral for neptunium and 
the large surface area per gram presented by the finely divided particu-
lates. This indicates that under field conditions only a small quantity 
of suspended particles would be required to equal the sorptive capacity 
of very large masses of fissured bedrock. It follows that gram for gram 
the suspended material is a much more effective absorber, even for nep-
tunium; in other words, even in the presence of substantial areas of 
exposed rock surfaces, a relatively low concentration of suspended clay 
particles may attract a significant fraction of the dissolved waste 
ions. 
The data of Table 17 do not reveal any uniform trend with respect to 
either initial or final pH in the range involved here. It does appear, 
however, that KA values for kaolin particles in the presence of basalt 
may be somewhat higherwhen the initial pH is above 10. 
Table 15 





















1Sh 0.05 7.94 7.56 17167 146.9 1245 230 12777 1.3 74,4 14.4 31 1060 
2Sh 0.1 7.45 7.46 17199 387.3 1125 338 12428 2.0 72.3 38.0 9 391 
3Sh 0.2 7.61 7.50 16915 943.1 1181 422 '7200 2.5 2 93. 
4Sh 0.5 7.74 . 7.63 17273 494.5 1086 314 11703 4.7 67.7 46.0 3 288 
5Sh 1,0 7,56 7.53 17408 475,6 1191 1734 12114 10.0 69.6 46.0 4 310 	. 
IS 0.05 8.78 8.03 17360 67.6.5 1291 119 10305 0.7 59.3 65.7 4 186 
2S 0.1 3.78 8,12 	• 16974 680.3 1312 124 9702 0.7 57.2 67.5 2 174 
3S 0.2 8.53 7.98 16806 594.7 1311 299 9270 1,8 55.0 53.1 3 190 
4S 0.5 9.46 8.37 • 17211 559.9 1375 584 9325 • 3.4 54.2 54.8 2 203 
5S 1.0 3.79 3.17 17301 '691.5 1300 675 10781 3.9 .62.3 57.6 1 222 
S . sand 
Sh . shale 
TABLE 16, Plutoniuirt Adsorption Tests on Various Minerals with Different 
Mineral Quantities. 





PH Net counts per minute 	(7 initial activity) 	! 
u 





Tube 	MincralSusP Mineral 
! 
Suspend Liquid Mineral Suspended 
1Sh 0,05 ± 	6.71 6.47 9944 88.1 112 646 	6q80 6.5 70.2 14.9 147.0 1523 
2Sh 0.10 6.48 6.48 10428 113.1 120 312 	7280 7.8 69.8 18.3 72.0 1236 
3Sh 0.25 6.50 6.60 10232 94.0 114 1030 	7111 10.0 69.2 15,4 44,0 1455 
4Sh 0.50 7.13 6.94 9477 60,5 117. 1135 	7504 12.0 79.2 10,8 37.0 2384 
1S 0.05 6.65 6,13 11131 162.4 107. 348 	8677 3.1 77.9 24.5 43.0 1027 
2S 0.10 6.55 6,62 9651 148.8 110 639 3988 6.6 72.4 26.0 43,0 cn- .),.„..) 
3S 0.25 6.68 6.51 9802 185.1 112 717 	6740 7.3 68.8 31,8 15.0 700 . 
43 0.50 6.97 6.51 11484 147.7 115 1053 8392 9,2 73.1 21.7 14,0 1092 
13 0.05 I  1 	8.86 8.62 9841 125.1 110 1587 	6233 16.1 63.4 21,2 254,0 959 
23 0.10 8.66. 3.65 9723 93.1 97 949 7169 9.7 73,7 16.1 102,0 1451 
33 0.25 8.48 8.35 10027 131.5 113 1626 	6221 16.2 62.0 22.1 49.5 910 
43 0.50 8.60 8.57 9937 172.9 56 1697 5771 17.0' 58,1 29.3 19.6 642 
1L 0.05 9,04 8,83 9611 158.0 75 1234 	5849 12.8 •60.9 27.7 156.0 714 
21, 0.10 8.55 8.50 9972 103.2 102 1562 6612 15.7 66.3 17.4 151.0 1232 	. 
31, 0.25 9.20 3,87 9437 144.1 107 1467 	5627 15.5•. 59.6 25.7 41.0 751 
4/, 0.50 3.73 5.64 9561 90.0 130 1991 6239 20.8 	! 65,2 15.9 44.0 1333 
13 0.05 7.04 6.36 9832 150.3 103 810 	7300 8.2 74.2 25.8 107.0 934 
23 0.10 7,12 6.83 9356 161.6 115 867 7165 9.3 ' 	76.6 29.1 54.0 853 
33 0,25 7.22 6.84 9364 168.0 102 1110 	6446 11.3 68.8 '30.2 	. 26.0 738 
43 0.50 7.35 6.82 12863 141.7 99 1803 9557 14.0 74.3 18,6 '25.0 1297 
IL 0,05 7.82 7.03 11503 125,6 113 921 	8666 3.0 75.3 18.4 147.0 1327 
21, 0.10 7.83 7.24 12292 95,7 95 1019 10085 3.3 82,0 13,1 106.0 2026 
31, 0,25 7.88 7.30 9100 92.3. 87 1230 	7355 13.5 80.8 17.1 53.0 1533 
4L 0.50 7.89 7.37  11301 89.1 101 1517 8445 13.4 74.7 13.3 34.0 1823 
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Table 17 (continued) 
Bed Material 	 pH 	 Kd (ml/g) 
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Effects of Radiation and Temperature on Adsorption 
In determining the adsorption of radioisotopes by various substrates, 
the question arose as to possible effects of a high radiation field on 
the liquid/solid distribution of the radioisotope. A slurry of kaolin in 
water was prepared and Cs-I37 was added. The mixture was divided among 
twelve test tubes and placed in a 12,000 Ci Cesium-137 irradiator. Upon 
removal from the irradiator, each tube was centrifuged, and a sample 
removed for counting. The values observed were compared with samples 
collected prior to irradiation. The findings are shown in Table 18 and 
Fig. 5a. 
Exact doses were not measured, but only the two tubes closest to the 
source showed any significant variation from the average of the other ten 
tubes. The maximum dose was approximately 1.5 megarad. It was also 
noted that the temperature of the two deviant tubes was appreciably 
higher than that of the others, thereby leaving unanswered the question 
of whether the radiation or the higher temperature produced the observed 
effect. 
To resolve the question if temperature played any part in the uptake 
observed, additional experiments were performed in which temperature was 
the variable. Tubes were prepared containing Cs-137 and water as before, 
but each was brought to a selected temperature before the kaolin was 
added. After 175 minutes contact, each tube was centrifuged, a sample 
was removed, and compared with initial samples. Although the tubes 
returned to near room temperature during the period of centrifugation, 
it is clear from the results presented in Table 19 and Fig. 6 that there 
was definitely a temperature effect as expected; increasing temperature 
decreased the adsorption of Cs-137 on kaolin. This temperature effect 
was sufficient to explain the differences observed in the radiation 
field. However, this subject cannot be considered closed. 
A further study was made of the temperature effect, utilizing shale in 
place of kaolin. The experiment was carried out as before and the 
results are displayed in Table 20 and Fig. 7. In this case, Cs adsorp-
tion increased as the temperature rose, the opposite effect to that 
observed with kaolin. 
PARTICLE MIGRATION TESTS 
The movement of suspended particles that may carry some nuclides from the 
repository area has been studied in an extensive series of column tests 
simulating subsurface flow conditions. The columns consisted of 61 cm 
long polycarbonate tubes, 1.3 cm ID, packed with 40-50 mesh (355-425 m) 
crushed rock. Rock samples used as bed materials included sand, basalt, 
limestone, and shale, of the type described above. A suspension of 
kaolin was passed steadily through the columns, typically at a flow rate 
of 1 ml/min. The water was deaerated by passing through a sparging 
column through which nitrogen gas was bubbled. 
TABLE 18. Effect of Gamma Irradiation on Cs Uptake on Kaolin 









on Kaolin Kd 
(ml/g) 
1. (%1.5 MR) 17342 7144 58.8 1.4 
2. 16716 7211 56.9 1.3 
3. 16684 5393 67.8 2.1 
4. 16544 5081 69.3 2.3 
5. 16264 4444 72.7 2.6 
6. 16508 5314 67.8 2.1 
7. 16783 5836 65.2 1.9 
8. 15904 5480 65.5 1.9 
9. 16161 4614 71.4 2.5 
10. * 15263 5193 70.0 1.9 
Standard #1 14239 5198 63.5 1.7 
Standard #2 15531 5178 66.7 2.0 
"Standards" were not irradiated 
TABLE 19. Temperature Effect on Cs Adsorption on Kaolin 
First 	Second 	% Absorbed 
Tube # 	Temperature ( °C) 
	
Sample Sample on Kaolin 	Kd 
(cpm) 	(cpm) 	 (ml/g) 
1 0°C 21594 10195 52.8 1.1 
2 23°C (room temp.) 21369 8782 58.9 1.4 
3 51°C 21526 11814 45.1 0.83 
4 56°C 20958 10889 48.0 0.91 
5 65°C 22469 13738 38.8 0.63 
6 81°C 23800 16553 30.5 0.43 
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Figure 6. Effect • f Temperature- on Cs Adsorption on Xaolin 
TABLE 20. Temperature Effect on Adsorption of Cs-137 on Shale 
Tube # 






% on Shale 
1 0.0 14166 7109 49.82 
2 23.1 13762 6331 54.00 
3 34.0 14790 2086 85.9 
4 46.0 15495 1509 90.3 
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Figure 7. Effect of Temperature on Cs Adsorption on Shale 
At a specific moment a small amount of neutron-activated kaolin suspen-
sion was injected into the stream just above the column. This sample had 
been exposed in the Georgia Tech Research Reactor to produce an easily 
detected sodium-24 tracer activity, associated with an internal impurity 
in the kaolin. This activity was used to locate the position of retained 
kaolin particles in the columns and to monitor their arrival in the 
effluents. Effluent samples were collected in planchets and counted in a 
scintillation detector. Column distributions were determined by 
scanning the columns or, in the more recent tests, by dissecting the 
column and counting successive segments. 
Flow direction was found to be immaterial in sand columns; however, in 
basalt columns some significant differences in retention were found 
between upward and downward flow. These have been ascribed to the effect 
of solubilization and partial plugging by fine secondary minerals. 
Hydraulic conductivity and effective bed volumes were determined by dis-
placement measurements and by the use of EDTA-chelated Cr-51 tracers. 
Typically total bed volume was of the order of 38.6 cc. 
Two types of results were obtained from these measurements: The effluent 
count determinations yielded curves of the kind illustrated in Fig. 8. 
These show a "prompt peak" appearing at 1 void volume (VV), representing 
particulates traveling with the water at normal flow velocity. This is 
followed by a broader "delayed peak," containing particles that have 
been retarded but not retained in the column. The delay time and per-
centage of particles under that peak is of interest, as well as the total 
retention or removal of particles from the influent. 
Experimental Details  
Materials  
The bed materials used in the column tests were essentially those listed 
in Table 2. The sand used was obtained from the Pennsylvania Glass Sand 
Company of Columbia, South Carolina and had been employed in previous 
test work. It had been washed repeatedly to remove residual salt 
coatings and other impurities and was screened to produce a "standard", 
fine bed material, 30-40 mesh size and a coarse material, 14-18 mesh for 
larger columns. 
The basalt used was Sentinel Gap basalt as described in Table 2. This 
material was broken in a jaw crusher, screened, and washed. The 40-50 
mesh (355-425 pm) fraction was used for column packing. Repeated washing 
removed obvious foreign bodies from the basalt, but some magnetic parti-
cles remained. These impurities are relatively rare and many of them are 
apparently mineral. (Basalt contains appreciable magnetite.) Since 
redox conditions are not expected to be important in particle behavior, 
it was not thought worthwhile to attempt to remove the few metallic 
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Other bed materials were oolitic limestone and shale, as listed Kn Table 
2. They were subjected to the same crushing and screening process to 
remove fines and adherent coatings. Surface areas were determined for 
these materials; these measurements are described in a subsequent sec-
tion. 
Clay Suspension  
In July, 1977 a stable suspension of clay particles was prepared by the 
prolonged ball milling of Hydraglos kaolin obtained from the J. M. Huber 
mine and production facility at Wrens, Georgia. The size distribution of 
these particles was determined in October 1978 by the analysis of photo-
micrograph (prepared by the Engineering Experiment Station at Georgia 
Tech) using an optical Zeiss counter (School of Chemical Engineering). 
This distribution was shown in Fig. 2. The mean particle size was found 
to be 0.125 pm. No explanation is apparent for the observed normal size 
distribution (when log-normal was expected), other than the relatively 
small number of particles (277) analyzed in its preparation. The suspen-
sion has appeared to be stable over the reporting period and no further 
size determinations have been made. 
Prior to use in the columns, kaolin was concentrated from 80-100 ml of 
the stored suspension by centrifugation until the supernatant was visu-





solution buffered to pH 5 with acetic acid and potassium 
hydroxide. The suspension was then lightly boiled for 15-30 minutes to 
remove organic contaminants and to place the surfaces as much as possible 
in potassium form. Multiple rinses followed. Kaolin processed in this 
mat er has been termed "treated kaolin". Irradiation for 1-2 hours at 
10 neutrons/cm/sec in the Georgia Tech Research Reactor results in the 
activation of the trace sodium in the clay structure as 15.0-hr Na-24. 
The strong gamma rays from this radionuclide are used to locate the 
position of kaolin particles in the columns and to measure their arrival 
in the effluent. 
Effluent samples were collected in planchets. The material was trans-
ferred to a scintillation counter for a determination of particulate 
activity emerging from the column. In a few cases the particulates were 
concentrated by centrifuging and inspected by optical and electron 
microscopy. Within the limitations of this approach, considering the 
small amount of particulate matter per sample, there appeared to be no 
significant change in size distribution between influent and effluent 
material. 
Columns 
Test columns consisted of polycarbonate tubing with flanges at the ends 
to define and support firmly the crushed rock filling. Polycarbonate was 
found to be superior to acrylic tubing used initially. A typical column 
is shown in Fig. 9. 
Figure 9. 	View of Adsorption Columns 
The actual bed was contained in the 0.5 inch (1.3 cm) diameter x 24 inch 
(6lpcm) cylindrical volume defined by the tubing, flanges, and the fine-
mesh polyethylene screen cemented to the end caps. Thus, for the largest 
(425 pm) particles, the ratio of column to particle diameter was about 
30:1. It has been found experimentally that this ratio is sufficient to 
ensure uniform flow of water through the bed cross-section, within 10%. 
This was confirmed by the results of our void volume determinations made 
by two methods: the volume of water required to fill the bed (which 
clearly included all the bed voids), and the volume of water required to 
carry a non-interacting tracer through the bed agreed within ±2%, 
implying the absence of channeling at the walls. The sharpness of the 
tracer peak observed provided reassurance that no portion of the flow in 
the bed was significantly slower, either. 
A vertical tube with a gas sparger was included between the water reser-
voir and the column. Nitrogen flows through the sparger during experi-
ments when oxygen is to be excluded. If required, carbon dioxide or 
other gases may be introduced in this manner. During operation a con-
stant head was maintained on the column by adjusting the flow from the 
main reservoir to match the rate of flow from the vertical tube. In-line 
flow meters were used to measure flow rates which could reach 10 or 15 
ml/min when all valves were opened, although typical flow rates were 
around 1 ml/min. Details of the set-up for experiments involving flow 
through columns are shown in Fig. 10. 
In early experiments, flow was induced by the force of gravity from an 
elevated carboy (about 2 m head). Later a multichannel tubing pump was 
used in the majority of test runs. Pulsation in the flow was damped out 
by the use of flow restrictions. 
A support system was constructed to provide a fixed and reproducible 
geometry between the column and a small collimated sodium iodide crystal 
detector. The detector was attached to a sliding shelf that fit into 
grooves in the frame as shown on the left in Fig. 11. With a column in 
position, it was possible to scan the column at intervals as small as 6 
mm to determine the pattern of radioactivity deposited (or at least 
present) in the column. A lead collimator for the detector was made, 
which employed a 3/32" slit and fit half way around the column. This was 
adequate for most radioactive tracers employed, except for Na-24 whose 
high-energy gamma ray resulted in excessive loss of spatial resolution. 
Mobilizing Solutions 
Initial work was performed with distilled, deionized water as the mobi-
lizing solution. Its fairly high purity made routine determinations 
difficult, but its resistivity was approximately 2 megohm-cm, and its pH 
about 4.5. Later work with slightly saline waters used this water and 
weighed amounts of NaCl. These slightly saline waters were much better 
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Figure 10. Experimental Arrangement for Column Tests. 
Figure ll. Support Frames for Collimated Detectors 
To simulate repository conditions in rock, an extensive series of tests 
was conducted using rock-equilibrated solutions. These were prepared by 
contacting distilled deionized water with crushed basalt, shale, or 
limestone, respectively, in sealed carboys over many weeks. Table 3 has 
listed already some of the characteristics of these solutions. 
Carbon Content of Rock-equilibrated Waters  
From an early stage of this project the question had been raised as to 
the effect of free CO 2  or carbonates on adsorption by particulates. A 
carbon analysis was therefore made of each of the rock-equilibrated 
waters used in this work. The combustion-type analysis differentiates 
between organic and inorganic carbon, but does not provide direct quan-
tification of the different compounds that might be present. For pur-
poses of comparison with values from the literature, the inorganic car-
bon was calculated as bicarbonate. The complete listing is given in 
Table 21 where it may be seen that most of the values found fall within 
the range of values reported in the literature. The figure for sand-
equilibrated water is somewhat low, but this is probably due to the 
inherently low carbonate content of the sand (zero or nearly so) and the 
non-exposure of the sand-water equilibration mix to the atmosphere. 
It therefore appears that the HCO
3 
concentrations are so high that addi- 
tional trace CO., would be of little consequence. One may assume that any 
CO
2
-related effects will be included in the adsorption coefficients 
measured for equilibrated waters. 
Procedures 
Physical Characterization of Columns  
To understand the phenomena observed, it was important to have a measure 
of the basic physical and hydraulic characteristics of each bed. Void 
volume and hydraulic conductivity were measured, from which porosity, 
effective pore size, and pore flow velocity could be calculated. 
The total volume of the column could be easily calculated, but it was 
also necessary to measure the void space or porosity of the packed bed. 
Two methods were used to make this determination and they agreed very 
closely. The direct method consisted of weighing the column and the 
filling material, and then weighing the filled, water saturated column. 
The difference in weight was due to the water added. It was believed 
that this procedure would give a maximum value, as it would take into 
account all water in the column, including any stagnant volumes that 
might not participate in any water movement under flow. 
The routine method of void volume measurement employed injection of a 
presumed non-interacting tracer (Cr-5l-tagged chromic acid) and the 
determination of its 1-ray count rate in successive effluent samples. 
TABLE 21. Carbon Content of Equilibrated Water 
Mineral 
	




mg/1) 	 Values 
Organic Inorganic High Low Avg* 
Basalt 344 50.0 254 242 84 176 5 
Limestone 11.2 40.5 206 460 74 228 14 
Sand 
(Quartzite) 3.9 0.5 2.5 346 8 119 5 
Shale 68.0 29.5 150 642 0 356 14 
* 
Rounded to whole numbers 
Curve fitting and interpolation of the discrete data points allows the 
computation of volume at the point where the specific activity peaks, 
corresponding to the void volume. Later, EDTA-complexed Cr-51 was used 
to ensure the unimpeded passage of the tracer. The tracer recovery of 
— 98% and peak sharpness (full-width at 0.1 of maximum --0.2 void 
volumes) were so satisfactory that this procedure was the one adopted. 
(Earlier tests with uncomplexed Cr resulted in less-satisfactory 
recoveries.) Porosity was then calculated from the known volume of the 
bed envelope (77.2 cc), and for basalt was usually of the order of 50%. 
(The divergence of this from the porosity (36%) of a hexagonal close-
packed structure which would be anticipated if the bed grains were 
spherical, was explained by the fact that the basalt grains were in fact 
more irregular slivers.) Pore flow velocity was about 1.6 cm/min. 
The values obtained from chromium tests were in excellent agreement with 
parallel determinations by the filling and weighing method, leading to 
the conclusion that little, if any, of the liquid in the column was not 
accessible to the general flow. Since the tracer method was much more 
convenient and could be repeated during the use of the column, it was 
made the routine method. A typical chromium tracer void volume deter-
mination (from which a void volume for basalt of 39.56 ml was deduced) is 
shown in Fig. 12. About 99% of the injected tracer was recovered. 
Hydraulic conductivity was determined by the treatment of the entire 
column as a falling-head permeameter. The conductivities so measured 
generally fell between 0.07 and 0.095 cm/sec, and averaged about 0.085 
cm/sec. From the Carman-Kozeny equation one can then calculate the mean 
hydraulic radius of pores in the bed as approximately 14.6 pm. The 
diameter of such a theoretical pore would be 4 x this value, or about 
58pm. Thus, the average pore was about 250 times the size of the 99th 
percentile kaolin particle. 
Table 22 presents the operating conditions for various runs in sand 
columns for both the standard, small column and a larger one using 
coarser bed material. 
Table 22. Characteristics of Sand Columns for Saline Water Tests 
Particle Size (cm) 
Weight of Rock (g) 
L, Column Length (cm) 
D, Column Diameter (cm) 3 
VC, Volume of Column (cm ) 3 
 VP-S, Static Pore Volume (cm 1 
VP-D, Dynamic Pore Volume (cm ) 
PR-S, Static Porosity 
PR-D, Dynamic Porosity 
Q, Flow Rate (ml/min) 3 
BD, Bulk Density (g/cm ) 3 
PD, Particle Density (g/cm ) 
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Tracer Test Procedure 
Following column characterization, the main tracer tests were done. 
Regardless of whether the tracer was ionic or particulate, the same 
procedures were followed. All initial runs were made in 40-50 mesh 
mineral columns using activated kaolin as the tracer. Activated kaolin 
sol (1.629 g of solution), which showed typically a count rate of around 
30 cpm, was injected into the column and washed through with distilled, 
deionized water at a rate of 2-3 ml/minute. This rate of injection gives 
a Darcy velocity of 3.4-4.5 cm/min or an actual pore velocity of 8.5-11.4 
cm/min. 
Effluent samples were collected in polyethylene containers or planchets, 
which were weighed when full and after drying. Following drying on a 
steam heater the samples were counted using a 2-inch NaI(T1) detector and 
a single channel analyzer. With the weights of the standard and of the 
injected tracer known, the sample count rates could be normalized to 
provide information about the fraction of the tracer in each sample and 
about the fraction of the tracer per unit volume in each sample. In all 
cases this was recorded with the void volume of the particular column as 
the unit to allow comparison of results between columns whose void 
volumes are different. Typical results are presented in Fig. 13, which 
shows the relation of recovered tracer to flow through the column. A 
total of 5 column volumes of water was collected in that case and this 
was found to contain 14.96% of the total injected tracer for that partic-
ular run. At this point the effluent contained about 0.5% of the total 
activity in each portion, but the quantity was decreasing. 
The column was then clamped off and placed in the holder for scanning of 
activity. The distribution curve obtained was similar to that from an 
uncollimated detector moving along the total length of a line source. 
This led to further tests of collimator resolution. A thin Co-60 source 
was used in a variety of positions around the collimator and it was 
concluded that collimation was quite adequate for all low-energy 
tracers. However, sufficient collimator penetration occurred with the 
2.75 MeV photons from Na-24 to affect the distribution curve in that 
case. For that reason, in all later tests the column was dissected by 
removing it inch by inch and counting each section separately. 
Dynamic Column Tests  
In most dynamic tests a small dose of activated kaolin particles was 
injected just above the mineral column into a steadily flowing stream of 
deionized or equilibrated water. Two types of observations were carried 
out: a) a plot of the activity appearing in the effluent as a function 
of flow volume passing through the column, and b) a plot of the activity 
remaining on the column, after most of the mobile activity had passed 
through the column, obtained by removing and counting successive frac-
tions of the bed itself. The first type of test has resulted in graphs 
like Fig. 8, showing a prompt effluent peak, containing most of the 
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Figure 13. Tracer Recovery - Basalt Column, Activated Kaolin Suspension, Distilled 
Deionized Water 
broader delayed peak representing a retarded component due presumably to 
an adsorption-desorption process which is under study at the present 
moment. 
The second procedure has led to a series of distribution plots, of which 
Fig. 14 is representative, that clearly show two different slopes which 
have been interpreted as being due to filtration, near the top of the 
column, and to adsorption, due to van der Waals and double-layer effects, 
through the rest of the column. From these slopes, values for the filter 
coefficient and the sorption coefficient have been derived for a variety 
of mineral surfaces and water conditions. These values are still subject 
to some uncertainty owing to the rather large errors in surface area 
determinations so far, and some experimental fluctuations in some of the 
runs. By the use of the columns with different pore sizes, but the same 
bed material, the effect of filtration has been isolated from the sorp-
tion effect which is considered the principal controlling factor 
limiting clay particle migration in the submicron range. 
The particle concentration is then subject to an equation of the form 
C = C
o 
exp E- u. - xx] 
where p = sorption coefficient 
A = filter coefficient 
and 1/p represents the distance x over which the concentration decreases 
by 1/e (= 1 neper) for each process. In practice, it is probably of 
greater interest to know the loss per unit surface area (in m ) presented 
to the contaminated stream and the equation can be rewritten in the form 
C= C
o 
exp [- P'S- A'S] 
where S is the surface area p9 unit path length assuming linear, laminar 
flow and p' and A' are in (m ). 
The removal coefficients would depend on particle size and p, but not A, 
and would depend on ionic concentration, pH, and perhaps on particle 
concentration. At low velocities neither would be expected to be greatly 
affected by flow rate or oxygen concentrations. A comparison was made, 
by electron microscopy, of kaolin particle sizes in the influent and 
effluent streams. No evident difference was detected visually in size 
distribution, though that may in part be subject to methods of prepara-
tion for electron microscopy. 
Extensive tests were carried out to determine removal effects under 
various water conditions and this work continues. These tests are sum-
marized below. 
Filter coefficient  
It is basically assumed that in ruptured rock filtration is less likely 
to limit waste migration on particulates, once they have traveled any 










Fig. 14 Kaolin Retention in Limestone and Basalt Columns 
Separation of Filtration and Adsorption Processes 
distance, than surface interaction. Since some filtration was observed 
in several column experiments, the filter coefficient A for our kaolin 
suspension was determined for the particular test conditions. 
In some column experiments the entire contents of the column were removed 
and divided into small segments. The quantity of suspension trapped in 
each increment was then determined by counting. The data obtained were 
then used to calculate a filter coefficient using the equation 
C = C e
-AL 
0 
where Co is the concentration of tracer in the first level, C is concen- 
tration at depth L, and A is the filter coefficient. The coefficients 
calculated between the first and second inches for some runs involving 
sand were as follows: 
Filter Coefficients in Sand Columns 





12-16 2.0 D. 	I. Water 1.83 4.65 
28-35 0.5 Sand-equilibrated water 1.21 3.07 
28-35 0.5 D. 	I. Water 1.05 2.67 
Due to the manner in which the column contents were removed, the various 
increments did not coincide with exact one-inch levels within the 
columns, and extrapolations were necessary to estimate the exact activ-
ity in each level. This introduces a small factor of uncertainty but 
does not explain the considerable difference in values obtained in the 
28-35 mesh sand. It would seem that the difference in effect between 
distilled, deionized water and sand-equilibrated water should not be as 
great as indicated by these results and additional investigations are 
intended to explain this matter. 
Sorption coefficients  
Because of their greater consistency in operation, sand columns have 
been used as reference systems. Sand does not exhibit the type of 
surface decrepitation that has been encountered in basalt and limestone 
beds. 
Tests have been conducted using deionized-distilled water, deoxygenated 
water and "sand-equilibrated" water. The results are tabulated in Table 
23 and presented graphically in Fig. 15. Several comments should be made 
in regard to these results: 
1. 	Sand-equilibrated and deionized water have similar "removal" 
characteristics and only differ in the rates at which one 
would expect adsorption to occur (whether temporary or perma-
nent) if all other conditions are similar. 
Table 23. Results of column experiments using sand as the bed material 
and activated kaolin particulates as a tracer suspension. 











*Pore Volume (al) 28.10 34.275 3.277 
Porosity (Cr51 spike) 0.368 0.444 0.425 	. 
Ilass of bed material (g) 120.50 119.82 120.43 
Mesh Range 30-40 40-50 30-40 
Approx. surface area (m 2 /g) 7 10 
#Total fraction of activity 
retained in column 
0.362 0.182 0.258 
Y
o' 
fraction adsorbed 0.74 0.899 0.74 
X
o
, filtered fraction 0.19 6.13 x 10-2 0.203 
2 
A', filter coeff. 	(m 1.32 x 10-2 8.55 x 10
3 
=1.38 x 10 
- 
p', adsorption coeff. 	(m 	) 1.98 x 10
4 
8.2 	x.14-5 -0@ 
1 - (Y0 + X0), Estimated 
coefficient error for this 
set of data  
7% 4% 6% 
EFFLUENT DATA 
BT:P (ml) 36.92 31.40 - 32.77 
BT:50 (ml) 65.034 44.56 36.93 
Total Effluent Volume (ml) 318.96 413.89 357.60 
**Number of peaks 1 2 1 
#Fraction of activity in 
Effluent 
0.638 0.818 0.742 
Estimated error in experiment 
in accounting for injected 
activity 
5,6% 4% <1% 
Note: All columns used above have Length = 60.96cm, Width = 1.27cm and 
Volume = 77.222cm3 . 
*The dynamic pore volume in our experiments is equal to the static pore volume. 
#This applies in this case since greater than 50% was recovered. 
@A genera' "drift" of activity was noted but there were a large number of 
consecutive I values. 
*This indicates whether there is evidence of a delayed movement of the in -Lcially retained activity. 
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Fi .g.15. Kaolin Removal on Sand Bed with Different Water Types 
2. Sand-equilibrated water showed the expected result of no "ob- 
vious" adsorption due to the saturation of ionic surfaces by 
the sand particulates in the water. 	In other words, those 
particulates of activated kaolin escaping removal by means 
other than adsorption will travel at the speed of the flowing 
water. (While deionized water does show a higher adsorption 
uptake, it is unlikely that this situation ever exists in the 
"real world". Nevertheless, it does support the saturation of 
surfaces hypothesis in the case involving sand-equilibrated 
water.) 
3. For a reason not clearly understood, the presence of oxygen 
appears to affect the "removal" coefficient and lessen adsorp-
tion. Even though a larger-mesh-sized bed material was used, 
smaller removal and adsorption coefficients were obtained. 
(More investigations are needed before the above statement can 
be confirmed.) This would imply that any increased air con-
tent of water may be an important factor in particulate migra-
tion. 
4. A double peak in the effluent was observed in the case of the 
deoxygenated water (Fig. 8). This implies that there was a 
definite retarded component, due to a significant adsorption 
effect in the absence of oxygen. One void volume corresponded 
to 34.27 ml in that case. 
To distinguish more clearly between particle removal by filtration and 
by adsorption a test was conducted with a coarser mineral, using 14-18 
mesh sand in a larger-diameter tube. As Fig. 16 shows, this essentially 
eliminates the filtration effect, as expected, while the adsorption co-
efficient is changed only a little, presumably because of slightly 
altered hydraulic conditions. Table 24 contrasts the results for the two 
bed grain sizes. 
Similar tests were conducted with basalt and limestone beds in order to 
obtain values for the adsorption coefficients. These tests employed 
deionized water and the same procedure was used as for the sand bed. The 
results are presented in Table 25 and graphically in Fig. 17. Bed grain 
size was 40-50 mesh. 
As before, when working with basalt and limestone, the friability of the 
limestone and the exudation of secondary minerals from basalt introduced 
difficulties. This test still involved the oolitic limestone employed 
in the early work, though later experiments were conducted on a sample of 
Georgia marble. As a result the surface area determination of the 
limestone has been difficult and is probably only an order-of-magnitude 
value. It is assumed that the breakup of the limestone surface increased 
the effective surface area somewhat in the course of the experiment, 
resulting in some change in conditions. 
Similar changes may have affected the basalt data. 	By comparing a 
freshly crushed basalt material with aged material one obtains some idea 
of the degree of surface modification that occurs on weathering. As Fig. 
17 shows, the adsorption coefficient was small in both cases, but 
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Fig. 16 Comparison of Kaolin Removal with Large and Small-mesh Sand Column. Deionized -
Deoxygenated Water 
Table 24. Comparison of large and standard column tests: Sand aad 
Deoxygenated Water. 
LARGE COLUMN - STANDARD COLUMN 
COLUMN DATA 	 COARSE BED 
	
FINE BED 
*Pore volume (ml) 210.0 34.25 
Porosity (Cr
51  spike) 0.274 0.44 
Mess of bed material (g) 1047.0 119.8 
Mesh range 14-18 40-50 
Approximate surface area (m2/g) 3 10 
#Total fraction of activity 
retained in column 0.162 0.182 
Y
o
, adsorbed fraction 0.97 0.90 
X
o
, filtered fraction None 0.06 
A", filter , coeff. (m-2 ) 0 8.55 x 10
-3 
p', adsorption coeff. (m-2 ) 5.05 x 10 5 8.2 	x 	10-5 
1-(Y +X o
), Estimate coeff. error 
for this set of data 
3% 4% 
EFFLUENT DATA 
Flow rate (ml/hr) 60 60 
*BT:P (ml) 273.28 31.4 
BT:50 (ml) 314.753 44.56 
Total effluent volume (ml) 2300.0 414.0 
Number of peaks 1 2 
#Fraction of activity in effluent 0.838 0.818 
accounting for injected activity 	<1% 	 4%  
Estimated error in experiment in 
#Normalized values. 
*Note: The BT:P positions in the large and small columns both appear 
after the passing of 1.3 pore volumes of water in the case for distilled-
deionized water. 
-63- 









*Pore volume (ml) 33.2 35.702 36.886 
Porosity (Cr51 spike) 0.4299 0.4623 0.4777 
Pass of bed material (g) 116.54 127.914 118.34 
Mesh range 40-50 40-50 40-50 
Approximate surface area (m
2
/g) =10 =8.2 =8.2 
notal fraction of activity 
retained in column 0.973 0.958 
0.537 
o
, adsorbed fraction 0.607 0.083 0.50 
, filtered fraction 0.393* 0.927 0.34 




11', adsorption coeff. (m 2 ) 4 2.6x10 	7.9 x10-4 8.2x105 
1-(Y +X 
o
), Estimate coeff. error 
o  
for this set of data 
e.1% 	16.17. 
EFFLUENT DATA 
Flow rate (ml/hr) 60 60 60 
*BT:P (ml) 33.444 
BT:50 (ml) # # t 
Total effluent volume (ml) 824.7 164.9 461.2 
Number of peaks 1 1 1 
#Fraction of activity in effluent 0.027 0.042 0.46 
Estimated error in experiment in 
accounting for injected activity 11% 6% 5.47 
Note: All columns used above have Length = 60.96 cm, Width = 1.27 cm and 
Volume = 77.222 cua 3 . 
*(All other conditions listed in Table 2 also apply here.) 
tDifficult to determine correctly due to the initial friability of the 
limestone at the water-limestone interface 
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Fig.17 .; Kaolin Particle Removal from Deionized Water in Basalt and Limestone Columns. 
.01, 
appreciably higher for the fresh basalt. The higher filtration effect 
for "new" basalt is ascribed to some clogging of the pores by the secon-
dary material. For waste repositories with a slow flow of water one may 
assume that the "aged" conditions would prevail. 
Direction of Flow 
Subsurface water can flow in any direction, depending on the geometry and 
the hydraulic conditions that exist. It is possible that the progress of 
suspended particles through a porous medium could be affected by the 
direction of flow. Gravity, for instance, would be working in the same 
direction as downward flowing water, but would be opposing the flow of 
water and its entrained particles in the upward direction. 
Two tests were carried out using two columns of sand. The column and 
conditions were essentially the same except flow was upward through one 
column and downward through the other. Distilled, deionized water was 
used as the liquid. 
Test No. 1: 	Column 1, upward flow, pH 5.54 
Column 2, downward flow, pH 5.87 
Water temperature 19.5 °C 
Test No. 2: 	Column 1, downward flow, pH 5.64 
Column 2, upward flow, pH 5.97 
Water temperature 20 °C 
The results of the two tests are shown in Figs. 18 and 19. In both tests, 
tracer recovery was slightly faster for Column 1 that Column 2, re-
flecting slight differences in permeability. However, total recovery of 
kaolin suspension was the same for both columns and it is concluded that 
there was no effect from flow direction. Similar tests were done on 
basalt columns. In that case, some differences were found for different 
directions, but these differences were satisfactorily accounted for by 
pore clogging produced by the emergence of secondary mineral particles 
from the basalt surfaces. 
Agglomeration Effects  
It is well known that suspended clay particles can be coagulated by 
the addition of dissolved salts in sufficiently high concentration. It 
is, therefore, possible that mobile particles in a porous medium could 
become immobilized through agglomeration by contact with saline water.* 
The concentration of salt at which agglomeration occurs is known as the 
Critical Coagulation Concentration (CCC) and is different for different 
salts and for particles of different composition. Experiments have, 
therefore, been carried out to determine the CCC of sodium chloride for 
kaolin, vermiculite, and basalt particles which are used as representa-
tive mobile solids in this study. 
*Actually two effects could be operative: the obvious particle to par-
ticle attraction and also the attractive forces between the suspended 
particle and the bed material. 
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Fig. 19. Cumulative Recovery of Kaolin in Sand Columns in Different Flow Directions 
Effect of NaCl Concentration 
By definition, particles remain in suspension at salt concentrations 
below the critical value, and coagulate and settle out rapidly at con-
centrations above the critical point. The tests, therefore, consisted 
of adding increasing amounts of sodium chloride to test tubes containing 
suspensions of the solids. After mixing, the tubes were allowed to stand 
overnight and were then visually inspected. Results of the kaolin and 
vermiculite tubes were easily determined, but because of the small vari-
ations occurring in the basalt tubes, their contents were examined spec-
trophotometrically. For a more quantitative evaluation of the kaolin 
results, they were also examined spectrophotometrically at three dif-
ferent wavelengths (350, 450, 550 nm). The results are displayed in Fig. 
20. 
As is clear from an examination of Fig. 20, under these circumstances the 
CCC is not a sharp point, but consists of a range of sodium chloride 
concentrations over which there is a rather rapid change in the popula-
tion of suspended particles. It was concluded that the CCC ranges for 
each material are as follows: 
Kaolin 	 15-20 millimoles NaCl/1 of suspension 
Vermiculite 	30-40 
Basalt 	 30-50 
Effects of Calcium Chloride 
Since the role of dissolved ions is believed to be crucial in determining 
interaction effects, both by affecting the coagulation of suspended par-
ticles and by modifying the surface interaction between suspended parti-
cles and rock surfaces, a series of tests were conducted, in duplicate, 
on CaC1,) solutions over a range of concentrations that straddled the 
critical- coagulation concentration (CCC). Figures 21-26 show the test 
results for CaC1, concentrations of 75, 500, and 5000 mg/l. In each case 
there was a substantial surge, containing most of the injected material, 
that passed with the water flow. A smaller fraction of the particles was 
retarded with a retardation coefficient that in creased with CaC1 con-
centration. The fluctuations in the later portions of Figs. 22-24
2
prob-
ably arise from counting statistics. As Figs. 25 and 26 show, total 
recovery of kaolin particles diminishes at higher CaCl 2 strength, pre- 
sumably because of coagulation of kaolin particles at higher CaCl
2 
values. 
Effect of pH on Agglomeration 
The effect of pH on the possible coagulation of kaolin was investigated 
in a shale bed. Buffer solutions in the range of pH 4.0 to pH 10 in 
increments of 2.5 units were prepared. Equal amounts of kaolin were 
added, the contents mixed, and allowed to stand. Observations after 24 


















0 	20 	40 	60 	BO 
	
100 
NaC1 Content, mmol/1 
Figure20. Turbidity of Kaolin Suspension as a Function 
of Wavelength of Light 
10 
Q 500 mg/1 
x 5000 mg/1 If 	t? 






























H 0 121 
I 	 + ca 
--J LF•I 	 4- 	 tI3 H o -0 
• 0 	0.01 : 	
444. .,--I 
o > •-rx ›drt2 ''' 
H 4- 	 Zu4.14' 
J-; sJ 
U W 
	 >1 	>4 >4 
t nem at 







2 	 4 	6 	8: 	10 	12 	14 	16 
Void Volumes of Effluent 













Void Volumes of Effluent 
































Void Volumes of Effluent 



























U GL co + 





0.0001 	 11 	t 	I 	 4 	 ►  
• 2 	4 	6 	8 	10 12 14 	16 
Void Volumes of Effluent 














+ 4. + + + + + -4- 4- 	+ + 4. 	 +4- 4- 4- 4• -I- 
4- 4- 
+ ++ 4..++ 
.4- 	 cx: 1.13 rt3 MID:1 13.1:11C0 	r1.7 1!1:1 	tr3 OZGLICC3 	WIZ: 
1.1Pz 
CT 	C4 r3:1 
0 Column C 
+ Column D 
1 0 
2 4 6 8 1 0 .12 14 16 
Void Volumes of Effluent 




























4.4:4 	•- + 	4- -I. 4- 
4. 	.1. 	4- 	 + .4- 4 	4- + 	+ 	4— 	'4"^ 
+7" 
• 
3•1:12  LT.TiT m 	tora 	
rt3 LI:J rr.e crj 	LTS 	Cu =.1 	al r,:
r°4° /1.1 
+ Column C 
a Column D 
10— 
4 6 8 10 12 14 16 







Fig. 26. Cumulative Recovery of Kaolin in 500 mg/1 CaC1
2 .2H20 Solution (Deoxygenated) 
It was, therefore, concluded that pH alone is not a significant factor in 
the coagulation of small kaolin particles in this range of pH values. A 
similar test, involving shale, was conducted to look for variations in 
adsorption with agglomeration at different pH levels. 
The procedure was as follows: 
1. To 150 ml of distilled, deionized water was added 9.4 pCi of 
Cs-137. 
2. The carefully and thoroughly mixed solution was divided into 
10 aliquots, and allowed to stand two days for equilibration 
with the walls of the glass flasks. 
3. Initial samples were withdrawn for counting. 
4. One gram of clean 25-40 mesh shale was added to each flask, and 
mixed by swirling thoroughly. 
5. Samples were withdrawn at selected intervals. 
6. All samples were counted. 
The results of this experiment are shown in Table 26 together with the 
calculated values for the distribution coefficient. Since about one-
third of the activity was adsorbed by the shale during the first hour, a 
second experiment was performed to examine more closely the events of the 
first hour. The same procedure was followed as before, except plastic 
containers were used instead of glass flasks. The results of the second 
experiment are also tabulated in Table 26 together with the data of the 
longer-term experiment. 
Effect of Salinity 




 ions has a crucial effect on the 
attachment of kaolin particles to rock surfaces. Column distribution 
tests were conducted to obtain details on retardation and retention. To 
separate out any filtration effects, some of the tests were done concur-
rently using the small (standard) columns, 30-40 mesh particles, and the 
large columns, 14-18 mesh bed particles. In all cases the columns were 
pre-equilibrated with the NaC1 solution for several days, before the 
activated kaolin sample was injected. 
Tests were conducted at NaCl concentrations of 500, 750, 1000, and 1200 
mg/1 (0.008M, 0.013M, 0.017M, and 0.02M respectively); the latter well 
above the critical coagulation concentration for kaolin. The operating 
conditions for the various runs, either in the smaller columns or in the 
large one have already been presented in Table 22. The kaolin activities 
in the effluents are shown in Figs. 27-30. It is seen that little 
difference arises in the emerging activity between the small and the 
large columns for the lower NaCl concentrations. About 10% of the 
material traveled through the columns with the first wave. However, at 
1000 mg/1, and even more at 1200 mg/1, the recovered portion decreased 
dramatically and a small, but definite, delayed peak occurred for the 
larger column indicating a finite, if temporary, enhanced attachment to 
the bed material. 
TABLE 26. Adsorption of Cs-137 by Shale at pH 5.2 and pH 5.6 
Time Elapsed Since 
Addition of Shale 
(pH 5.2) 
Fraction of Activity 
in Solution 
Fraction of Activity 
on Rock (Assumed) 
Kd 
(ml/g) 
1.0 hours 0.67 0.33 7.5 
2.5 hours 0.70 0.30 6.4 
4.0 hours 0.35 0.65 28 
7.5 hours 0.25 0.75 45 
28.0 hours 0.16 0.84 77 
48.25 hours 0.14 0.86 91 
100.0 hours 0.06 0.94 233 
168 hours 0.03 0.97 443 
(pH 5.6) 
1 min. 0.94 0.06 2.6 
3 min. 0.96 0.04 1.7 
5 min. 0.83 0.17 8.0 
15 min. 0.64 0.36 23 
30 min. 0.66 0.34 21 
60 min. 0.61 0.39 26 
0.01 
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Fig. 28. Elution of Kaolin in 750 mg/1 NaC1 Solution. 
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rig. 29. Elution of Kaolin in 1000 mg/i NaC1 Solution. 
Void Volumes of Effluent 
Fig. 30. Elution of Kaolin in 1250 mg/1 NaC1 Solution 























To complement the column tests with saline water, an elution test was 
conducted with deionized water using the same large and small columns. 
The results are shown in Fig. 31. There is little difference between the 
two, though the small column appears to retain the final fraction of 
little longer, possible because of hydraulic differences. There is also 
a suspicion of a delay peak at 5 void volumes in the large column 
although this may have low statistical significance. 
Analysis of the column deposition for different water conditions yielded 
comparative distribution plots from which the adsorption coefficient 
could be derived. Tests were conducted with sand-equilibrated water of 
conductivity 7.5 112/cm, deionized water, and NaC1 solutions, 750 and 
1200 mg/1 respectively. Figures 32 and 33 show the results of these 
tests. From the slopes the adsorption coefficients were derived as 
follows: 
A' = 3.7 x 10
-3 
and 5.7 x 10
-3 






No explanation can be offered here for the erratic scatter of these re-
sults, which was much worse than in other comparable tests, nor for the 
apparent change in slope that is evident in the "small-column" test in 
Fig. 33. 
Effects of Bed Materials  
Sand Columns  
Several tests were conducted in which sand-equilibrated water was passed 
through a column of sand. Figure 34 is typical of the results observed. 
The decline of activity in the effluent was smooth and steady until the 
level fell to near background, at which point the background fluctu-
ations became noticeable. In none of these experiments was there any 
evidence of a second peak. The slope of the line in Fig. 34 yields a 
half-value range of 0.89 m
-2 
for the desorption effect. This would be 
more meaningful if expressed in bed volumes of water passed. The scatter 
at low levels of residual activity is due to poor counting statistics. 
A haunting question regarding all the tests, done with an injected pulse 
of kaolin suspension that resulted in a "delayed" peak, is whether this 
effect arises from the fact that this suspension enters virgin territory 
in the column and that the particles may be bound more strongly or with a 
higher probability, than if they were merely an otherwise indistinguish-
able batch traveling in a kaolin-bearing flow. To test this possibility 
some experiments have been conducted in which a kaolin-bearing stream 
was passed through the column continually for an appreciable time before 
the activated sample was injected. This was done by use of kaolin water 
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Fig. 31. Elution of Kaolin in Deionized Water with NaC1 present 
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Fig. 34. Effluent Activity from Sand Column in Sand Equilibrated Water 
The "kaolin water" was prepared by adding about 100 grams of kaolin to 
five liters of water and allowing it to stand for two days. The upper 
three quarters were then decanted and additional water added. The re-
sulting suspension contained 3.37 gm/1 of kaolin. This high concentra-
tion of kaolin in water was not completely stable, but the rate of solids 
accumulation on the bottom of the container was very low and uniformity 
was easily maintained by occasionally swirling the container. 
Steady flow of kaolin water through a sand column was begun and activated 
kaolin particles were injected. A single peak of activity was observed 
in the effluent and the total recovery of activity indicated very little, 
if any, retention of the activated kaolin in the column. Under these 
circumstances both the filtration and adsorption coefficients as indi-
cated by behavior of the tracer were essentially zero. 
A longer column was prepared by bolting together two of the regularly 
used columns which are 24 inches in length. Kaolin tracer and kaolin 
water were used, but again only a single peak emerged. High activity 
recovery was indicative of little retention in the column and the net 
result from the 48 inch column was not different from that of the 24 inch 
column. 
The absence of a second peak in these experiments is evidence that points 
of physical entrapment and sorptive sites on the sand surfaces were 
preempted by some of the large number of inactive particles to which the 
surfaces had already been exposed. Any displacement of inactive kaolin 
by activated kaolin tracer was not of sufficient magnitude to be de-
tected. With a filtration coefficient very low and no available mecha-
nism to free existing or create new sites for entrapment, the activity 
passed through the column in a single slug. 
A similar effect was observed with kaolin water in a basalt column; 
anticipating somewhat, Fig. 35 shows results from such a test where the 
usual delayed peak, that for batch injection would occur around 5 void 
volumes, has moved up to follow closely on the prompt peak. These 
results have significant implications for the migration process and de-
serve further study. 
Shale Columns 
A series of experiments were carried out in which kaolin particles were 
injected into columns of shale. The transporting liquids employed were 
distilled, deionized water, shale-equilibrated water, and sodium chlor-
ide solutions. The experimental details are listed in Table 27. 
As Fig. 36 shows, with distilled deionized water, a sharp peak of activi-
ty appeared at about 1.1 void volume (VV). The second peak was not 
clearly defined due to the low activity and poor counting statistics 
during the latter stages of the test. From the distribution of activity 
in the column, it appears that the filtration mechanism, characterized 
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Table 27. Column Tests on Kaolin Retention in Shale. 
COLUMN DATA D.D.I. H2 O 	EQUILIBRATED 
H2O 
Pore Volume (ml) 	 39.883 	 32.1717 
Porosity (Cr 51 spike) 	 39.883 	 0.417 
Mass of bed material (g) 	 109.05 	 105.89 
Mesh Range 	 30-40 	 30-40 
Approx. surface area (m
2
/g) 10 10 
Total Fraction of activity 
retained in column 0.86 0.346 
Y
o , fraction adsorbed 0.80 0.76 
X
o
, filtered fraction 0.14 0.19 
X', filter coefficient (m
2




u', adsorption coefficient (m
-2 
) 9.14 x 10
-5 2.38 x 10
-4 




BT:P 	(ml) 37.39 32.82 
BT:50 	(ml) 189.40 
Total Effluent Volume (ml) 312 289.8 
Number of peaks 1 2 
Fraction of activity in effluent 0.14 0.654 
Estimated error in experiment in 
accounting for injected activity 10% 6% 
NOTE: All Columns used above have Length = 60.96 cm, Width = 1.27 cm 
and Volume = 77.222 cm3. 
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Fig. 36. Distilled, Deionized Water Test in Shale Column 
case than in others where the ionic strength of the liquid is greater. 
This is confirmed by Fig. 37, which shows the distribution of retained 
kaolin along the column. This plot, better than most, shows the distinc-
tiveness of the two mechanisms. 
When shale-equilibrated water was utilized, the first peak occurred at 
0.9 VV. The second peak began at about 3.6 VV and reached a maximum in 
the vicinity of 5.5 W. Figure 38 is a plot of the effluent data 
observed. From Fig. 39 it appears that the filtration mechanism was not 
nearly as strong as with the distilled, deionized water in this case. 
For tests with saline waters, several concentrations of NaCI were used 
with the result that the first peak appeared at about 0.9 VV in all 
cases. Strong second peaks also appeared in each case, although not in 
the same position. As may be seen in Fig. 40, the peak corresponding to 
1000 mg/1 commences, increases, and diminishes about one void volume 
earlier than the peaks where the liquid contained only 250 or 500 mg/1 of 
salt. Table 28 summarizes the results for kaolin migration in shale for 
saline waters. The filter coefficients A' were significantly higher 
than the adsorption coefficient and a high portion of the sorbed fraction 
ultima,:ely appeared in the effluent. 
Limestone Column 
The friability of the oolitic limestone used in the early stages of this 
investigation presented some difficulties. It was never possible to 
make the material completely free of small particles, as could be readily 
done with sand. The problem was greatly lessened by substitution of 
crushed Georgia marble chips for the oolitic material. Table 29 gives 
the experimental data associated with a test of activated kaolin tracer 
in limestone-equilibrated water in a column of 30-40 mesh marble chips. 
Figure 41 is a plot of the resulting data which show a strong initial 
peak but little evidence of a second peak. The scatter of points due to 
the low level of activity present obscures any weakly defined, delayed 
peak that might be present. Figure 42 shows the retention distribution, 
confirming the very low adsorption effect in limestone under these con-
ditions. 
Basalt Columns 
Because of the special interest in basalt as a potential repository 
medium, particular attention was given to this material to help under-
stand the interaction between basalt and clay suspensions under various 
conditions. 
The study of basalt columns was complicated by the appearance of fine 
brown particles in basalt beds that had stood in contact with water for a 
few days or more. The formation of this secondary material is apparently 
due to recombination of dissolved components of the basalt rock itself. 























































100 	200 	300 	400 	500 	600 	700 
Bed Surface Area (m
2
) from Top 
800 	900 	1000 	1100 






















Void Volumes of Effluent 



















































4- ÷ 4. 4- 4- 
-t- -I- + + 
4- 	4- 
4- 
-t- 4- 4- 
100 	200 	300 	400 	500 	600 	700 	800 	900 	1000 	1100 
Bed Surface Area
2 
(m) from Top 









+ 1000 mg/1 
x 500 mg/1 
El 250 mel 
0.001 
›,<  
































0.0001 =IA 	tel I 4 
	
1 	2 	3  4 	5 	6 	7 




Figure. 40. Comparison of Different Concentration of NaC1 Solution in Shale Columns 
TABLE 28. Effect of Salinity on Kaolin Migration in Shale 




Pore Volume (ml) 39.43 39.23 38.38 
Porosity (Cr
51  spike) 0.511 0.508 0.497 
Mass of bed material (g) 113.39 118.5 114.1 
Mesh Range 30 - 40 30 - 40 30 - 40 
Approx. surface area (m
2 
/g) 10 10 10 
Total fraction of activity 
retained in column 0.493 0.446 0.474 
Y
o
, fraction absorbed 0.20 0.37 0.81 
Xo
, filtered fraction 0.76 0.62 0.10 
A', filter coeff. 	(M-2) 













1 - (Y 	+ X0), Estimated 
coefficient error for this 
set of data 4% 0.01 0.09 
EFFLUENT DATA 
BT:P (m1) 33.91 35.74 33.73 
BT:50 (ml) 427.78 388.1 345.4 
Total Effluent Volume (ml) 438.21 426.4 369.6 
Number of peaks 2 2 2 
Fraction of activity in 
Effluent 0.507 0.554 0.526 
Estimated error in experiment 
in accounting for injected 
activity 6% 6% 6% 
TABLE 29. Equilibrated Water Tests with Limestone 
(Kaolin tracer) 
Limestone Column 
COLUMN DATA 	 Limestone 
Pore Volume (ml) 	 39.45 
Porosity (Cr
51 
spike) 	 0.511 
Mass of bed material (g) 	 110.15 
Mesh Range 	 30 - 40 
Approx. surface area (m2 /g) 	 10 
Total fraction of activity 
retained in column 	 0.340 
Y
o
, fraction adsorbed 	 0.60 
X
o
, filtered fraction 	 0.38 
A ° , filter coeff. (m
2
) 	 3.82 x 10
-3 
p ° , adsorption coeff. (m
2
) 	7.12 x 10
5 
1 - (Y + X ), Estimated 
coeff icient
o 
 error for this 
set of data 	 0.02 
EFFLUENT DATA 
BT:P (ml) 	 39.84 
BT:50 (ml) 	 43.60 
Total Effluent Volume (ml) 	 386.57 
Number of peaks 	 1 
Fraction of activity in 
Effluent 	 0.66 
Estimated error in experiment 
in accounting for injected 
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Figure. 42. Kaolin Particle Removal from Equilibrated Water in Limestone Column. 
streaks of brown stain that are typical of the surface of weathered 
basalt. A detailed study of this material was made and is included in 
the Appendix. 
In the laboratory the process proceeds at a slow, but significant, rate. 
At the flow rates employed in these experiments there was no turbulence 
to dislodge the fine material which accumulated in the column. Although 
some may have escaped the column, none was ever observed in the effluent 
itself. It was easily remobilized by washing, however, when the basalt 
was removed from the column. Since the presence of an extraneous ma-
terial in a mineral column might clearly have a considerable effect on 
the sorptive properties of the column, it was necessa to take this 
factor into consideration whenever basalt was involved. 
A number of tests were made in which columns were packed with basalt and 
other factors were varied. Representative plots are included here to 
illustrate the curves that are typical of the results obtained with 
basalt. Figure 43, for instance, resulted from an early run using kaolin 
particles labeled with Cs-137 and distilled, deionized water as the 
liquid phase. The effluent revealed a single strong, sharp peak with no 
significant evidence of a secondary peak. This rather characteristic 
curve has frequently appeared in tests using distilled, deionized water 
in various rock beds. 
On scanning the distribution of the particles retained in the column one 
found the pattern shown in Fig. 44 where the general trend of activity 
was high at the top (inlet) end of the column and gradually diminished to 
a low level at the bottom. To ascertain the stability of the deposited 
activity, water was allowed to flow through this bed in the reverse 
direction (bottom to top) for a long period of time. The resulting 
pattern of activity was changed very little by this flow as may be seen 
by comparison of Fig. 45 with Fig. 44. 
No difference was observed in the retention pattern in the columns 
whether the kaolin was labeled externally, by adsorption of Cs-137, or 
internally by activation of Na-24. This is shown by comparison of Fig. 
46 (activated kaolin) with Fig. 44 (Cs-137 labeled kaolin). 
A difference was noted in the curves describing the recovery of tracer in 
the column effluent if the kaolin was pretreated in a KC1 solution. With 
the sample kaolin tracer, the cumulative recovery was around 25% in 
slightly more than one void volume, but increased thereafter very slow-
ly. See Fig. 47, which is the reverse of previously shown distribution 
curves. With the potassium-treated kaolin the recovery was much more 
gradual with only about 1% recovery at the 1 VV point as may be seen in 
Fig. 48. The total recovery was about the same in both cases. 
The tests discussed just above were conducted with distilled, deionized 
water on the supposition that this constituted a very well characterized 
medium. Further examination of this supposition, however, led to the 
realization that because of the very low ionic strength of this water it 
would be very far from equilibrium with the basalt, resulting in contin 
40-50 mesh basalt 
kaolin labelled 
with Cs 137 
distilled, deionized 
water 
' 15 	30 	45 	60 	75 	90 
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150 120 135 105 
Figure 43. Labeled Kaolin in Effluent - Basalt Column 
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Figure 48. Kaolin Throughput for K-Treated Particles - Basalt Column 
PIO 
uous dissolution of some minerals in the basalt during the experiment and 
a steadily-changing dissolved ion concentration down the length of the 
column. Despite these constantly changing conditions, the deionized 
water tests definitely were the lowest ionic strength tests conducted. 
Although this rock dissolution presumably occurred at all salt concen-
trations, the added ionic strength was much more significant in de-
ionized water than in salt solutions. These effects became more evident 
when freshly-prepared and long-exposed bed surfaces were compared; such 
tests will be described later. On the other hand, Table 25 has already 
presented some data on basalt-equilibrated water runs showing appreci-
ably reduced retention. 
Effects of Salinity on Particulate Mobility in Basalt  
The critical coagulation concentration (CCC) for kaolin water was deter-
mined to be about 1000 mg NaCl/l. For this reason, tests were conducted 
with salinities both above and below that value. In each case the 
columns were pre-equilibrated by flowing 20-40 void volumes (VV) through 
them for several days before the test proper NaC1 concentrations used 
were: 500 mg/1 (-0.008M), 750 mg/l (0.013M), and 1250 mg/1 (0.21M). 
All runs were conducted in duplicates. 
The results are shown in Figs. 49-52 for basalt columns and show a very 
characteristic behavior. In each case, a sharp peak occurred in the 
effluent at 1 VV representing a small fraction of particles moving with 
the water flow. This was followed at 3-4 VV by the onset of a much 
broader, delayed "peak", representing the bulk of the emerging activity. 
As the cumulative recovery plot of Fig. 50 shows, about 85% of the 
injected activity finally passed through the column, albeit with a 
tangible delay. About 75% were retained in the column. Comparing the 
three elution plots and allowing for differences in scale, it is found 
that the nature of the delayed peak did not vary very much with salt 
concentration. This is in marked cont .zast to the sand columns where no 
delayed peak was observed and the total tracer recovery was much higher. 
This discrepancy makes it difficult to ascribe the retention and Slay in 
basalt entirely to van der Waals forces, as proposed by Wahlig. 
After the first several tests, it became possible to run kaolin mobility 
experiments in a routine fashion. In addition to those just reported, 
three other concentrations of NaCl were tried in the mobilizing solu-
tion. The results for all the NaC1 solutions used are shown in Table 30. 
There is a clear pattern to these results. First, as salt concentration 
increased from about 50 mg/1, the fraction of injected tracer carried in 
the 1 VV peak decreased steadily; the 1 W peak for distilled, deionized 
water was very small. Second, the relation between the delay or the area 
of the second peak and the salt concentration is not monotonic. Rather, 
there is an optimal concentration at which the second peak is both most 
delayed and at which it contains the largest fraction of the injected 
activity remaining after the 1 VV peak. From these results, the optimal 
concentration for tracer recovery in, and delay of, the second peak is 
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Figure 50. Cumulative Recovery of Kaolin in 500 mg/1 NaC1 Solution 
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Figure 51. Elution of Kaolin in 750 mg/1 NaC1 Solution 
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(Average for Two Columns) 
Table 30. Summary of Data on Kaolin Behavior in Basalt for NaC1 Mobilizing Solutions 
ADDED SALT CONCENTRA- 
TIONS IN SOLUTION FIRST PEAK SECOND PEAK . . 
(mI) (mg/1) 








% of Remaining 
. 	Tracer .  Recovered 
0.0+ 0 1 N/Der 
0.086 5 60 N/D* 
0.86 50 65 N/D* 
3.4 200 16 2,5 4.9 10 25 
8.6 500 0.6 3,6 5,9 15 . 83 
13.00 750 3 2.8 5,4 12 36 
21.00 1250 1 2,1 3,6 8 15 
+
The pH of the deionized water was .-46, This means the cation concentration was at least 0.001 mM. 
*N/D - Not Detected,  
near 0.01 M NaC1, resulting in a maximum delay of the second peak com-
pared to the flowing solution of only a factor of 6. The delayed peak is 
not observed at all at low salt concentrations. 
The data in Table 30 are presented graphically in Figs. 53 and 54. It is 
evident that a major decrease in tracer recovery occurs as the CCC is 
approached. Because of the apparent difference in behavior with flow 
direction we were conscious of the possible inconsistencies introduced 
by the presence of loose secondary materials in basalt columns. For this 
reason, the difference in behavior of freshly packed and aged columns of 
basalt was studied in a series of experiments involving saline water. 
Two columns were used in parallel; one had been in contact with water for 
several weeks and the other was freshly packed and used for a few days. 
The contrast in their behaviors was striking. Figure 55 shows the 
elution profile from the old and new columns in one test at 200 mg/1 
NaCl. Similar behavior was observed in another trial. In both trials 
for both columns, the 1-void volume peak contained 3-5% of the injected 
activity. For the new column, the secondary peak reached its maximum 
near 5 void volumes and contained 85% of the injected activity, in both 
trials. For the aged column, the secondary peak started much later, 
peaked near 20 void volumes, and had contained at least 60% of the 
injected activity when the test was ended. The old column clearly 
retarded the passage of the kaolin more strongly. 
To see whether this difference was due to the secondary particles, the 
basalt was removed from the aged column and washed until no more parti- 
cles were visible in the wash water. 	It was then repacked, and the 
previous test repeated. 	Meanwhile, the new column was aged by the 
passage of —8 1 of 200 mg/1 NaCl solution over a period of about 3 weeks. 
The results of one of the three subsequent tests are shown in Fig. 56; 
the others were similar. 
The washed old column and the aged new column showed greater similarity 
in their behavior than they had previously. The locations of the 
secondary peaks had moved closer together: for the new column, the peak 
went from 5 to 7 void volumes and from 85% to 69% of injected activity; 
for the old column the peak went from 20 to 13 void volumes and from >60% 
to 62% of injected activity. It is clear that the presence or absence of 
particulate matter had a strong effect on the migration of the kaolin. 
The pattern of replicate tests has been that the positions of the peaks 
are relatively static, but their sizes may vary over a factor of 2.5-3. 
In each case the sizes of the peaks in the two columns were identical 
within a given test, but would not necessarily be the same as in previous 
or subsequent tests. 
Effect of Liquid Velocity on Particle Behavior  
Tests on the possible effect of flow velocity on particle mobility were 
undertaken primarily because the calculated pore velocity (-8.3 km/yr) 
at the normal experimental flow rate (1.0 ml/min) is clearly high com-
pared with anticipated field conditions. 
Recovery in the 1 VV Peak 
Recovery in the Delayed Pdak 
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Figure 54. Effect of Solution Concentration on Eluant Volume at Which 
Delayed Peak Maximum Occurred. (A 0.0 ordinate indicates 
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Figure 55. Comparison of Old and New Basalt Columns (200 mg/1 NaC1) 
Figure 56. Comparison of Washed Old and Treated New Basalt Columns (200 mg/1 NaC1). 
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To determine the effects of flow velocity, parallel column tests on 
kaolin particles in basalt were conducted at flow rates of 0.35 ml/min, 
1.0 ml/min (the customary experimental flow rate), and 3.0 ml/min. The 
results are shown in Table 31. 




 ion tests, no consistent effect due 
to a change in velocity can be deduced, except perhaps some increased 
penetration in the one void volume peak at higher than normal velocities. 
No consistent effect of the second peak delay or area was observed, and 
total tracer recovery did not vary beyond many of the results observed in 
other experiments. 
The van der Waals-double layer model for particle behavior implies that 
flow rate should have appreciable effect on particle migration only when 
it provides kinetic energy which is significant in comparison with the 
potential energies in the system. Very high pore velocities could even 
make it possible for passing particles not to adsorb on grains to which 
they got very close, although the introduction of turbulence would pro-
duce other effects such as particle impaction which might reduce overall 
mobility. The results of Table 31 show no consistent effect of flow 
velocity except on the 1 VV peak, although the data showed more scatter 
than was usual. This lack of effect is not surprising, in view of the 
information shown in Table 32. The kinetic energy of the particles at 
the velocities employed is from 3-9 orders of magnitude less than the 
thermal energy of the particles. Only for the highest velocity and the 
larger particles would the kinetic energy have even a slight effect on 
particle behavior. In order for a major effect to be observed, veloci-
ties would have to be so high that flow would be turbulent and other 
mechanisms would be in effect. 
Since the kinetic energy is already insignificant at laboratory veloci-
ties, the difference of velocity is unlikely to be a cause for divergence 
between laboratory results and any actual field conditions. The only 
consistent effect observed was a slight increase in penetration in the 1 
VV peak at higher-than-normal velocities, implying that the laboratory 
results are conservative in comparison with anticipated field condi-
tions. 
In summary, the very small effect of flow velocity on particle mobility 
is in accord with the van qy Waals attraction, double-layer repulsion 
model of particle mobility. 
Effect of Cation Valence 
The Schulze-Hardy Rule predicts that the coagulation behavior of fine 
particles will be strongly affected by the valence of the ion in the 
suspending solution which has polarity opposite to that of the surface 
change of the particles. Since kaolin particles are negatively charged, 
this implies that cation concentration and valence will have the major 
effect on kaolin sol stability and migration behavior. 
Table 31. Effect of Column Flow Rate on Kaolin Recovery - Basalt Bed 
  
   
   
Flow Rate 
 
First Peak 	 Location of Second Peak 
     
% of 
Remaining 
Concentration 	Volumetric Est. Pore 
	% of tracer Begins 	Peaks 	Ends 	Tracer 	Total 
Cation 	(mM) 	 (ml/min) Velocity Recovered 	
(VV) (VV) (VV) Recovered Recovery 
(cm/s) 	 (%) 
Na
+ 
13.0 0.35 0.0092 4.3 1.8 4.6 10 56 57.9 
1.0 0.079 4.6 2.0 4.9 12 49 50.3 
3.0 0.026 11.1 1.8 4.6 12 37 54.0 
Ca
+2 
0.51 0.35 0.0092 0.7 N/D* 
1.0 0.079 . 	1.3 6.5 11.5 >14 13 14.1 
3.0 0.026 5.2 6.3 11.0 14 17 21.3 
*N/D - Not detected. Test mistakenly terminated too early. 
Table 32 
Comparison of Kinetic and Thermal Energies of Kaolin Particles 
Diameter 
(cm) . 
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k Particle kinetic energy 
+Ek/A1 - Particle kinetic energy per unit lateral area 
**E
t Particle thermal energy 
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-showed the critical ooagulation concentration 
(CCC) to be about 17 x 10 	M for NaCl. For Ca , the CCC was about 1 x 
10 	M . This comparison demonstrates the enhanced ability of multi- 
valent cations to overcome the electrostatic repulsion of bodies of like 
charge in water. 	If the behavior of the kaolin particles as they 
migrated through the basalt beds was governed by their adsorption on the 
rock surfaces, and if that process is mechanistically the same as the 
kaolin particles' coagulation with each other, it is expected that 
changing the cation valence from 1 to 2 will enhance particle capture and 
decrease bed penetration, even at concentrations below the CCC. 
This hypothesis was tested by conducting activated particle lTlumn flow 
tests in which the mobilizing solution was dominated by Ca 	and com- 
paring them with earlier tests in which the solution was dominated by 
Na
+
. The results are compared in Table 33. 
Although the number of Ca
+2 
tests was small, it is clear that at a given 
molar or normal concentration, a much smaller fraction of the particles 
peffletrad the bed in a Ca
+z 
solution than in a Na
+ 
solution. As with 
Na , Ca tests show small recoveries in the 1 VV peak when ion concen- 
tration is high. A very large delay is observed when Ca
+z 
 is present at 
about 0.5 of the CCC. At concentrations large compared to the CCC, no 
delayed peak was observed at all. The hypothesized effect of cation 
valence, predicted from colloid flocculation theory, was observed. In 
cases where the concentration of Ca ion in groundwaters is very high, 
as in limestone water, it is likely that the mobility of suspended fine 
particles will be quite low. 
CONCLUSIONS 
The mobility of the kaolin particles as measured in this work may be 
compared with the mobilities of dissolved radionuclides as measured by 
other researchers through the retardation factor, R, which is the ratio 
of the velocity of the moving solution to that of the species under 
investigation. (Thus, R = 1 means the species moves with the mobilizing 
solution; R > 1 means that the species lags behind the mobilizing 








where p b is the bulk density of the rock column, and c is the column 




 calculated by equation (1) 
zi 
from distribution coefficients mysured 	on solution-equilibrated 
basalt samples, using p
b 
(1.5 g/cm ) and average c(0.5) values from the 
current research; where Kd 's measured under several conditions were pub-
lished, the one chosen was the Kd measured on air weathered basalt after 
one day of sorption at room temperature. 
Table 33. Effect of Cation Valence on Kaolin Behavior in Basalt 
SOLUTION CONCENTRATION FIRST PEAK POSITION OF SECOND PEAK 
Cation MM mN 
As Fraction 
of CCC 
























































+ VV - Void Volumes 
* N/D - Not Detected 
Table 34. Calculated Retardation Factors for Dissolved Radionuclides 
Element Reference Kd 
(ml/g) 
R 
Cs 24 330 980 
Cs 25 1500 4470 
Sr 25 500 1490 
Tc 26 29 87 
Np 25 50 150 
Pu 25 2000 5960 
Am 25 18000 53600 
The values listed in Table 34 are not intended to be an exhaustive 
listing of distribution coefficients but are representative values. The 
retardation factors calculated indicate the relative immobility of the 
listed elements in dissolved form. These R's may be contrasted with 
those measured for suspended particles in the current work, where two 
groups of particles were observed. The particles in the 1 VV peak moved 
with the velocity of the solution (R = 1), while those in the delayed 
peak moved more slowly (R = 3.6 - 11.0, based on the volume at which the 
highest point in the delayed peak occurred). It is seen that the highest 
R measured for particles is less than the lowest R in Table 34, implying 
that at least in the sense of relative velocities, the particles are much 
more mobile than are dissolved radionuclides under comparable condi-
tions. 
A second aspect of the mobility of a species is the fraction of the 
initially-applied quantity of a species which penetrates a given thick-
ness of porous medium. Here the behavior of the dissolved ions and of 
the suspended particles again diverge. To the extent that the interac-
tion between a dissolved ion and the surrounding rock is an exchange 
equilibrium, it can be said that all of the initially-injected ions will 
penetrate the medium, although they will take R times as long as the 
flowing water to do so. It is important to note that because ion 
exchange is an equilibrium state, the ions are not literally immobi-
lized, but simply move at a lower (and perhaps greatly lower) velocity 
than the flowing water. If the ions are radioactive, R may be large 
enough that decay is essentially complete by the time the ions would pass 
through the rock zone; indeed, the choice of host rocks with high Ic i 's 
(and therefore R's) for most radionuclides under most forseeable condi-
tions is the basis of all hopes for geological containment of high level 
wastes. 
According to the van der Waals-double layer model, however, suspended 
particles have two kinds of interaction with the pore walls: they 
exchange between the flowing solution and sites in the secondary poten-
tial well producing the delayed elution peak, but they also have some 
finite probability of experiencing irreversible trapping in the primary 
potential minimum. Because this primary-minimum trapping is irrevers-
ible, all particles will eventually be immobilized if the migration path 
is long enough. 
The experiments have shown that the above theory is insufficient to 
explain by itself the variations observed between different bed media 
and the variable delay phenomenan occurring under specific conditions. 
Proper elucidation of these effects does require some further study. It 
is evident that the delayed retention reflects a non-equilibrium condi-
tion that may be suppressed in the presence of an equilibrium concentra-
tion of clay particles. Contrary to the pure van der Waals retention, 
that was so prominent in the basalt tests, the results showed minimal 
retention of suspensoids in sand and limestone beds and correspondingly, 
a fairly long migration range. 
The objective of this work has been to study particulate transport of 
radioactive waste components for deep geological repositories and to 
assess its potential importance as an alternative migration pathway. 
The work has shown that in some aquifers, such as porous sand or shale, 
submicron clay particles will travel at water flow velocity and in most 
media will be partially subject to some retardation. This effect depends 
on the ionic strength of the water and the degree of conditioning of any 
exposed rock surfaces. In saline solutions some agglomeration occurs 
and there is a subtle balance between accelerated surface adsorption on 
the one hand and pre-emption of adsorption sites on the other. 
Most of the suspended particles will adsorb dissolved ions competitively 
with surrounding rock surfaces. Weight for weight kaolin particles will 
adsorb most radionuclides preferentially. Ultimately, the relative im-
portance of this pathway depends on the number density of suspended 
particles in the intruding water in the vicinity of the waste material. 
This in turn, may be highly site-dependent, though in most cases it will 
be a conservative assumption to presume the presence of such suspended 
media in any incursion scenario. Considerable further work is required 
to include other potential suspensoids, such as zeolites and bentonites, 
and to obtain retardation coefficients for site specific minerals. It 
would seem, at this time, that the possibility of leached waste migration 
by transport on suspended particulates must be included in any techno-
logical assessment of any proposed waste repository site, and it is hoped 
that further research will enable us to refine predictive capabilities 
for this pathway. 
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APPENDIX 
Study of Basalt-generated Particles 
It was reported earlier that the experimental basalt columns developed 
an infestation of fine, brown particles over a long period of use. These 
particles were discovered when columns of several weeks' to months' age 
were back-washed with external agitation. They were never observed to 
migrate all the way through the bed nor to emerge visibly in the effluent 
of the column. 
Although the exact nature and origin of these particles have not been 
positively identified, they appear to result from diagenesis. They do 
not result from anything added to the bed during the course of the 
experiment. Two jars containing about 100 g of each of basalt were set 
aside. To one was added about 1 1 of distilled deionized water; to the 
other was added a similar volume of 200 mg/1 NaC1 solution. In a matter 
of three weeks, each had developed enough extraneous particles to make 
the water opaque on stirring. (At the beginning of the test, both had 
been clear on stirring.) In a separate test, a column was packed about 
2/3 full with 30-40 mesh basalt and had distilled deionized water circu-
lated through it periodically, about 2 1 over the course of three weeks. 
At the end of this period, agitation of the column showed the distinct 
presence of the brown suspended matter. A typical SEM field is shown in 
Fig. 57. 
Scanning electron microscopy (SEM) and energy dispersive x-ray analysis 
(EDS) performed by Pasat Research Associates, Inc. of Atlanta, Georgia 
revealed the presence of three types of particles in the suspended 
matter. 
Particles A and B were of similar size (-15 1am), but particle B was 
clearly more rounded in shape. Particles C were smaller (2-5 pm) and of 
various shapes. The EDX spectra, Figs. 58-60, showed that each was 
mainly an aluminum silicate, but they differed in their iron, calcium, 
sodium, and magnesium contents. Particles A and C, though composi-
tionally similar, differed slightly, particle A showing more calcium 
than either of the others and very little iron. In comparison with 
previous Pasat EDX spectra for basalt particles, Figs. 61-63, the dif-
ference in the prominence of various lines makes it clear that the fine 
particles were not merely fracture products. (In all cases the copper 
line arose from the EDX system, and should be ignored.) 
The particles were not algae or other organic matter. 	The electron 
micrographs, Fig. 57a,b showed that they have very sharp edges, not the 
smooth contours that are typical of organisms such as algae, which might 
grow in a solution exposed to fluorescent of light for long periods. 
Reaction with hydrogen peroxide showed no appreciable weight change in a 
10 mg sample of the particles. 
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Figure 57. Electron Micrograph of Brown Basaltic Particles 
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Figure 58. EDX Spectrum from Particle A in SEM #01616 
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Figure 61. White Particle from Basalt Sample - SEM 01603 









   
Figure 62. Acicular Particles on Basalt in SEM 01604 








Figure 63. Basalt Particle Shown in SEM 01604 
Finally, the particles had a negative surface charge, which is common for 
minerals in water. This was determined by a rough flocculation test 
utilizing four molarities each of NaCl, CaC1, ) , A1C1
3' 
and Na 2 S04
. It was 
found that the flocculating concentrations drf NaC1 and Na S-Or4 were simi- 
lar, while CaC1
2 
required less, and A1C1
3 
least. Thus, C and SO
4 
had 





Na. From the Schulze-Hardy Rule for flocculation of 
colloids, it was concluded that the particles carried a negative charge. 
